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Abstract 
 
The plant cell wall is a dynamic structure that has an integral role during plant 
development and responses to biotic and abiotic stresses. A cell wall integrity (CWI) 
maintenance mechanism in plants has been inferred. The aim of this study was to 
investigate the signalling mechanism that regulates the response of Arabidopsis 
thaliana to CWI impairment.  
Here I show that JA and SA levels increase after 3 and 5 hours (respectively) 
of CWI impairment. In order to determine the downstream functions of the different 
signalling mechanisms and their cross-talk upon CWI impairment; lignin deposition, 
JA & SA induction and root growth inhibition (RGI) phenotypes were used as 
downstream readouts. My results show that ROS are required for lignin deposition 
whereas JA & SA-based mechanisms are required to inhibit lignin deposition. ROS 
and JA act antagonistically to regulate downstream lignin deposition. In addition, a 
bi-phasic ROS-based signal is induced after CWI impairment, with the initial signal 
required for JA induction and the later signal required for inhibition of JA induction. 
H2O2 increased at the plasma membrane in the elongation zone of the root during 
CWI impairment, as determined by the genetically encoded probe HyPer. 
The functions of several RLKs in CWI maintenance were investigated. These 
included BAK1 and BIK1. Most of the mutant RLKs investigated affected one or two 
of the downstream readouts, highlighting the complexity of CWI signalling and 
demonstrating the involvement of elements of the innate immunity signalling. 
However, THE1 and XII7, mutant seedlings display altered responsiveness to all CWI 
impairment downstream readouts. These results suggest that these two RLKs 
represent key regulators of CWI maintenance. 
To summarise, the research piresented here has provided novel insights into 
the signalling mechanisms mediating the response to CWI impairment; has clarified 
the involvement of several RLKs whose functions had not been defined before and 
has shown that THE1 and XII7 are key regulators required for mediating all responses 
to CWI impairment. 
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Chapter 1 General Introduction  
1.1 The plant cell wall 
Plant cells are encased in a cell wall that provides essential structural support 
for the plant cell, resisting the extremely high turgor pressure generated by the 
vacuole (Cosgrove, 2005). Plant cell walls are responsible for the array of cellular 
shapes that can be observed throughout the plant. The cell wall acts as a restraint 
from cell expansion driven by turgor pressure and growth only occurs in the defined 
area of cell wall loosening and expansion (Cosgrove, 2005). In some cases, such as 
the growing root tip or pollen tube, expansion can result in increases in surface area 
by orders of magnitude within a few hours (Beemster and Baskin, 1998). 
Furthermore, many developmental processes such as lateral root formation involve 
irreversible degradation of the cell wall (Kumpf et al., 2013). Therefore, controlled 
manipulation of the cell wall is responsible for the vast array of different cell types in 
plants from trichomes to pavement cells and root hairs. Once cell extension and 
growth has been completed a secondary cell wall is laid down, which results in 
extreme structural strength even after the contents of cells have disappeared 
(Somerville, 2006).  
 
1.1.1  Plant cell wall structure 
Cell walls across different species show a diverse array of different 
compositions. However, the basic building blocks of plant cell walls are similar 
throughout all plant species, with only ratios of the relative constituents varying 
(Keegstra, 2010). 
The main load-bearing component of the cell wall, which all plant cell walls 
are based on is cellulose. Cellulose is composed of 4-O-β-D-glucopyranosyl-D-glucose 
(Cellobiose subunits) each a β 1,4-linked glucose dimer (Keegstra, 2010). Cellulose 
microfibrils are typically formed of 36 hydrogen bonded chains containing 500 – 
1400 individual β 1,4-linked glucose molecules (Somerville, 2006). Cellulose 
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microfibrils are highly orientated, creating mechanical anisotropy in the cell and 
defining the direction of growth. Early NMR and X-ray diffraction studies of cellulose 
showed that two different types of cellulose chains exist; Cellulose Iα and Cellulose 
Iβ (Somerville, 2006). Cellulose Iα is composed of a single chain triclinic cell 
(Somerville, 2006). However, Cellulose Iβ is composed of a two-chain monoclinic unit 
cell. The exact amounts of each type of cellulose differ between plant species. 
However, in both types the cellulose chains are parallel, forming cellobiose. The two 
types of cellulose are hypothesized to interconvert during the sharp bending which 
occurs as the cellulose microfibrils exit the biosynthesis enzymes in the plasma 
membrane and are pressed against the already deposited cell wall (Jarvis, 2000).  
Cellulose excreted into the cell wall from the plasma membrane forms a scaffold that 
other cell wall components are bound to, forming an extremely strong and resistant 
matrix enveloping and protecting the plant cell. 
In addition to cellulose, the plant cell wall contains additional types of matrix 
polysaccharides; pectic polysaccharides (homogalacturoan and rhamnogalacturonan 
1 & 2) and hemi-cellulosic polysaccharides (xylo- glucans, glucomannans, xylans, and 
mixed-linkage glucans) (Keegstra, 2010). 
Hemicelluloses are composed of xyloglucan, xylans, mannans and 
glucomannans and β -(13,14) glucans and bind to cellulose (Scheller and 
Ulvskov, 2010).  However, the nature of their side-branching means that they cannot 
form microfibrils by themselves. In the primary cell wall xyloglucan is the 
predominant hemicellulose. Hemicelluloses not only crosslink microfibrils but also 
prevent aggregates of multiple microfibrils forming, therefore demonstrating their 
role in organizing the structure of the cell wall matrix (Scheller and Ulvskov, 2010). 
Interestingly, a loss of xyloglucan (as seen in xxt1 xxt2 mutant genotypes) does not 
result in dramatic phenotypes, therefore a high level of redundancy must exist 
between the matrix polysaccharides or in controlled growth conditions, xyloglucans 
are not important for normal growth (Cavalier et al., 2008). As well as a role in 
structural support, recent evidence implies that hemicelluloses can act as a whole 
plant reserve mobile carbon storage (Hoch, 2007).  
Pectins are extremely complex macromolecules. They are a family of 
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covalently linked galacturonic acid-rich polysaccharides comprising 
Homogalacturonan (HG) and Rhamnogalacturonan 1 & 2 (RG1 and RG2) (Harholt et 
al., 2010). HG is the most abundant form of pectin and is composed of α-1,4-linked 
galacturonic acid, compromising ~65% of pectins. RG1 comprises 25-35% of pectins 
(Ridley et al., 2001; Harholt et al., 2010). The backbone of RG2 is composed of α -D-
GalA-1,2-α-L-Rha-1-4 di-saccharide repeats. The number of sugars, oligosaccharides 
and branching of oligosaccharides is highly variable in different plant tissues. The 
function of this variability is as yet unknown. RG2 is the most structurally complex 
pectin and accounts for ~10% of pectin content (Harholt et al., 2010). The backbone 
of RG2 is HG of at least 8 1,4-linked α -D-GalA residues decorated with sugar 
branches of over 20 different linkages. Cross-linking of RG2 is vital for normal wall 
development as a loss of dimerization results in perturbed plant growth and 
development (Mohnen, 2008). Pectin can interact in-vivo with Cellulose through 
arabinan and galactan side chains of RGI (Zykwinska, 2005). Individual pectin 
molecules can also be cross-linked to each other by ionic bridges that form between 
HG chains (Ca2+ bonds) and RG2 (borate diester bonds) (Harholt et al., 2010). NMR 
data demonstrates that pectin and XG act as a single entity in the cell wall, via 
covalent pectin XG links (Dick-Pérez et al., 2011). This implies that components of 
the cell wall bind each other, forming a structurally strong yet malleable matrix 
encasing the plant cell. 
As well as carbohydrate components ~10% of the primary cell wall is 
composed of structural proteins (Rose and Lee, 2010; Wolf et al., 2012a). Extensins 
are characterized as extracellular proteins and  A. thaliana contains a gene family of 
20 members (Lamport et al., 2011).  They are hydroxyproline (Hyp)-rich structural 
glycoproteins with alternating hydrophilic and hydrophobic motifs that have tyrosine 
residues as putative cross-linking sites. Extensins have been shown by atomic force 
microscopy to self-assemble in-vitro into networks (Cannon et al., 2008). Certain 
extensins have been shown to have a critical role in primary cell wall formation. EXT3 
is present in cell plates during formation of the phragmoblast and in mature cell 
walls (Cannon et al., 2008). Null alleles of EXT3 are embryo lethal, demonstrating a 
pivotal role in plant development. Positively charged extensins and negatively 
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charged pectins can create an interpenetrating network, forming a scaffold for 
assembly of the cell plate (Cannon et al., 2008). Interestingly, pectin dimethyl-
esterification increases the negative charge density of pectin, therefore promoting 
extension-pectin interaction and cell wall compaction (Scheller and Ulvskov, 2010).  
As well as extensins, another major protein component of the plant cell wall 
are arabinogalactan proteins (AGPs) which are found at the plasma membrane, in 
the cell wall and in the apoplastic space (Ellis et al., 2010). AGPs have been 
implicated in a vast array of processes including root growth, signaling, hormone 
responses and xylem formation, cell expansion and cell death (Ellis et al., 2010). 
AGPs are composed of a protein backbone decorated with large arabinogalactan 
chains (Ellis et al., 2010). They are an extremely complex group of macromolecules 
due to the diversity of glycans which bind to the protein backbone (Ellis et al., 2010).  
SOS5/FLA4 encodes an AGP which is expressed throughout the plant, with knockout 
lines displaying altered root morphology during salt stress (Shi, 2002). The 
complexity and genetic redundancy of AGPs makes them difficult to study, which 
means that the precise mode of action and function of AGPs is still unknown (Ellis et 
al., 2010). 
The cell wall constituents mentioned above are present in primary and 
secondary cell walls. In secondary cell walls the additional component lignin is also 
present. Lignin derives from the Latin lignum, meaning ‘wood.’ Lignin is found 
throughout woody and non woody plants and is present in the xylem as it is 
extremely hydrophobic, this hydrophobicity supports the vasculature throughout the 
plant and ensures efficient water transport (Vanholme et al., 2010a). While lignin is 
mainly deposited in the secondary cell wall, it can be deposited in the primary cell 
wall during pathogen attack or during perturbation of the biosynthesis of other cell 
wall components (such as cellulose) (Caño Delgado et al., 2003; Hamann et al., 
2009). The lignin biosynthesis pathway is extremely complex (Vanholme et al., 
2010b), the best description of lignin is that it is a heterologous polyphenolic 
polymer derived from hydroxycinnamyl alcohols. The main building blocks of lignin 
are hydroxycinnamyl alcohols (or monolignols) coniferyl alcohol, sinapyl alcohol and 
p-coumaryl alcohol. Once in the cell wall these monolignols are polymerized and 
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integrated in order to form p-hydroxyphenol, guaiacyl and syringyl subunits 
(Whetten and Sederoff, 1995). Lignin is primarily derived from the condensation of 
these three monomeric precursors (Miao and Liu, 2010). Monolignols are 
synthesized from phenylalanine through the phenylpropanoid and monolignol 
specific biosynthetic pathways (Vanholme et al., 2010b). Figure 1-1 illustrates a 
simplified primary cell wall.  
 
 
Figure 1-1 Composition and structure of the primary cell wall in Arabidopsis. 
Cellulose synthase (yellow rosette complexes) move the plasma membrane excreting cellulose into 
the cell wall. Cellulose forms microfibrils that interact with xyloglucan and pectins, forming a matrix 
like structural which provides extreme structural strength. Image taken from (Somerville et al., 2004) 
 
1.1.2  Synthesis of the plant cell wall 
Cell wall composition is well described (Keegstra, 2010). In addition, recent 
work has shed light on how the separate components are synthesized and placed 
into the cell wall matrix (Cosgrove, 2005). 2000 genes in A. thaliana relate to cell wall 
biosynthesis and metabolism (McCann and Rose, 2010). Currently, a great amount of 
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research is focused on characterising the function of these genes and how they play 
their part in orchestrating cell wall formation. 
Cellulose is produced from cellulose synthases that form rosette complexes 
and travel through the plasma membrane propelled by the force generated during 
cellulose microfiril synthesis (Desprez et al., 2007). Cellulose synthase complexes 
where initially identified during imaging of the plasma membrane and cell wall using 
electron microscopy (Giddings et al., 1980). This demonstrated that cellulose 
synthase complexes consist of globular rosettes of six complexes, 25-30nm in 
diameter (Somerville, 2006). A. thaliana has 10 CESA genes which encode proteins 
that show 64% average sequence identity (Holland et al., 2000).  The cellulose 
synthase rosette complex producing the microfibrils during primary cell wall 
formation consists of CESA1, CESA3 and CESA6 proteins. Cellulose production during 
secondary cell wall synthesis requires CESA4, 7 & 8 (Somerville, 2006). Although 
CESA3 and CESA6 were thought to have redundant functions and compensate for the 
loss of one another, however both are needed for formation of a functional rosette 
complex during primary cell wall formation (Desprez et al., 2002). All 3 CESA subunit 
synthases are required for a functional complex. CESA complexes have been 
identified throughout the plant kingdom, from A. thaliana to Physcomitrella patens 
(P.patens ,the model moss species) (Roberts, 2012). CESA complexes are thought to 
be directionally guided by interactions with microtubules and propel themselves 
through the plasma membrane by the excretion of glucan chains which coalesce to 
form cellulose microfibrils (Keegstra, 2010) (Somerville, 2006). CESA6-YFP initially 
accumulates in the Golgi apparatus. It then assembles into distinct particles, is 
transported to the plasma membrane and upon being delivered to the plasma 
membrane begins producing cellulose within 1 minute. The CESA6-YFP protein 
moves at a rate of 300nm min-1 through the membrane (Somerville, 2006).  
Matrix polysaccharides and glycoproteins (Hemicelluloses) are synthesized in 
the Golgi (Keegstra, 2010). Products accumulate in the lumen and are exported to 
the plasma membrane and cell wall via secretory vesicles (Keegstra, 2010). 
Hemicellulose backbones are initially produced in the Golgi, although later 
modification steps might occur in the cytosol and in the cell wall (Scheller and 
Ulvskov, 2010).  
 20 
Pectins are also synthesized in the Golgi and exported to the cell wall via 
secretory vesicles. Immunolabelling of pectin also stains Golgi vesicles, implying that 
they are the site of pectin biosynthesis (Liners and Van Cutsem, 1992). Furthermore, 
all pectin biosynthetic enzymes identified to date are localised in the Golgi (Harholt 
et al., 2010). Given the complexity of pectic structures a large number of enzymes 
are required to synthesize the polysaccharides. It has been predicted that 67 
different glycosytransferases, methyltransferases and acetyltransferases are 
required (Mohnen, 2008) however, only 3 have been conclusively identified (Harholt 
et al., 2010). 
The biosynthesis of monolignols is believed to occur in the endoplasmic 
reticulum as several enzymes required have been characterised as membrane 
proteins that are active at the cytosolic part of the ER (Vanholme et al., 2010a). 
However, it remains to be clarified whether other enzymes involved in lignin 
biosynthesis are also located at the ER. After biosynthesis mono-lignols are 
transported to the plasma membrane. Coniferyl and sinapyl alcohols were thought 
to pass by diffusion through the plasma membrane, not requiring active transport 
(Boija and Johansson, 2006). However, it has been demonstrated that the transport 
of mono-lignols across the plasma membrane and vacuolar membranes is an ATP 
dependent process, dependent on a family of membrane transporters, ATP-binding 
cassette (ABC) (Miao and Liu, 2010).  The ABC gene ABCG29 has been shown to 
function in transporting p-coumaryl from the cytosol outside the cell (Martinoia et 
al., 2012). Yeast cells transformed with this gene could tolerate growth in the 
presence of p-coumaryl by excreting the monolignol from their cytosol. Interestingly, 
mutant genotypes for abcg29 showed altered metabolite profiles, underlying the 
importance of normal cell wall synthesis and processing for normal plant growth 
(Martinoia et al., 2012). Once transported to the plasma membrane monolignols 
pass through the membrane and are polymerized in the middle lamella and cell 
corners before extending into the secondary cell wall, filling in the spaces between 
cellulose and xylans. Lignin polymerization occurs via oxidative radicalisation of 
phenols (Vanholme et al., 2010a). Two oxidised radical monomers covalently bind to 
each other in a manner that is dependent on the monomer types and the 
environment in the cell wall (Vanholme et al., 2010a). Polymerisation occurs one unit 
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at a time during a sequence of oxidation and radical coupling. The enzymes involved 
in peroxidation are laccases and peroxidases using O2- and H2O2 respectively 
(Vanholme et al., 2010a).  
1.1.3  Usefulness of A. thaliana for study of the plant cell 
wall 
The current consensus is that the main proponent of climate change is the 
anthropogenic release of greenhouse gases into the environment (Carroll and 
Somerville, 2009). Humanity´s use of energy dense fossil fuel must be reduced and 
alternatives developed. No one alternative provides the ease of use, transport and 
energy density that fossil fuels do. Therefore, a range of different sustainable 
technologies must be exploited for future energy use. The earth receives 9000 times 
more energy from the sun than humanity uses (Lewis and Nocera, 2006). 
Photovoltaic cell technology is constantly improving (in both efficiency and 
production cost), however, the most cost effective way from photons to fuel is by 
harnessing biomass (Carroll and Somerville, 2009). 3.2% of the surface of the land on 
earth could produce enough biofuel to meet human energy needs (Vanholme et al., 
2010b). However usage of land for biofuel production with the current generation of 
biofuels (made from sugar, starch and fats) competes with material that could be 
used for food (Carroll and Somerville, 2009). Therefore the use of lignocellulosic-
based biofuels is being heavily researched.  
Secondary plant cell walls are composed of cellulose, hemicellulose and lignin. 
Cellulose and hemicelluloses can be degraded into fermentable sugars using a 
process called saccharification. However, the rate of enzymatic hydrolysis of 
cellulose to sugars is inversely proportional to the amount of lignin in the material 
(Chen and Dixon, 2007). Lignin is a component that rigidifies the cell wall. Therefore 
methods to subvert this inverse relationship and promote enzymatic hydrolysis of 
cellulose are required. However, in order to fully harness and adapt the plant cell 
wall in-planta, the biosynthesis and regulatory mechanisms governing cell wall 
synthesis need to be characterised in detail. In addition, pleiotropic effects of 
altering cell wall composition need to be explored. A systems biology approach could 
be applied to the genetic modification of plants in order to discover traits that are 
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beneficial to biofuel production (Somerville et al., 2004). In order to do this a gene 
discovery program is needed, targeting cell wall recalcitrance. Additionally a system 
is required which quickly and efficiently reveals phenotypic effects of individual gene 
mutation and the stacking of numerous mutant lines which give separate desirable 
traits (i.e. less lignin and more yield) (Vanholme et al., 2010b). A. thaliana provides 
an excellent model system for this. Its short growth cycle and wide array of 
molecular resources (i.e. mutants, reporter lines, genome sequence etc) mean that it 
is a useful system for the systematic and efficient discovery of genes affecting cell 
wall recalcitrance and identification of subsequent pleiotropic effects (Vanholme et 
al., 2010b). However, knowledge gainined in A. thaliana must be validated in crop 
species to ensure they are economically beneficially in slower growing crops. 
Modification of the cell wall could lead to un-expected perturbation of a variety of 
metabolic pathways or un-desired phenotypes. These can be assessed in A. thaliana 
before research is transferred into a more slow-growing, time-intensive crop species. 
For example recent work in short rotation coppice willow (Salix spp.) has shown that 
reaction wood, a layer of cell wall deposited during gravitropic tipping, increased 
saccharification levels by 5X (Brereton et al., 2012). This increase of enzymatic 
saccharification clearly demonstrates a metabolic plasticity within plants for altered 
cell wall composition and production. Using A. thaliana the genes and signals that 
control this response could be elucidated much more efficiently than could occur in 
willow.  
Cell wall research in A. thaliana is an efficient way in which to characterise 
the mechanisms which regulate cell wall composition and structure, identifying 
candidate genes that can be utilised in more long-term projects to produce enhance 
lignocellulosic biomass.  
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1.1.4  The plant cell wall exists as a continuum with the 
Plasma Membrane 
The cell wall is part of a continuum with the plasma membrane and 
cytoskeleton (Humphrey et al., 2007). Evidence for this continuum was recently 
provided in an elegant series of experiments demonstrating that microtubules guide 
the cellulose synthase complexes through the plasma membrane and therefore 
guide construction of an essential component of the cell wall (Paredez et al., 2006). 
In addition, it has also been demonstrated that perturbation of cellulose synthases 
(using isxoaben treatment) results in altered cortical microtubule formation 
highlighting that it is a two way interaction (Paredez et al., 2008). The cellulose 
interacting protein CELLULASE SYNTHASE INTERACTING 1 (CSI1) functions as a 
molecular bridge between the cellulose synthase complexes and microtubules and 
the association of CESA complexes and microtubules is dependent on CSI1 (Li et al., 
2012). In addition to CSI1, the gene POM2 was found to be allelic to CSI1 (Bringmann 
et al., 2012). POM2 co-localises with CSI1 forming a scaffold with which the CESA 
complexes and microtubules interact (Bringmann et al., 2012). Interestingly, CESA 
complexes were still transported to and formed in the membrane of pom2/csi1 
mutant seedlings. However, CESA complexes and microtubules did not associate 
with each other (Bringmann et al., 2012). Therefore, direct links between the cell 
wall, plasma membrane and cytoskeleton are being uncovered. 
Animal formin proteins are potent regulators of actin dynamics (Higgs, 2005). 
A. thaliana contains a family of 20 formin homologues, each containing a conserved 
FH2 domain at the C-terminal of the protein that is involved in nucleating actin 
microfilaments (Blanchoin and Staiger, 2010). The protein AtFH1 is homologous to 
animal formin and contains an extracellular extension-like domain (Martinière et al., 
2011). FORMIN HOMOLOGUE 1 (AtFH1) is localised in the plasma membrane and can 
interact with the actin cytoskeleton and the cell wall (Martinière et al., 2011). It 
forms a bridge between the plasmamembrane and the actin cytoskeleton that is 
anchored to the cell wall, providing a direct link between the cell wall and the 
cytoskeleton. The protein functions analogous to formins in animal cells (Martinière 
et al., 2011).   
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In addition to a plant formin homologues, a plant homologue for integrin has 
recently been identified, NON-RACE-SPECIFIC DISEASE RESISTANCE1 (NDR1)(Knepper 
et al., 2011). Integrins are involved in adhesion and signalling in animal cells by 
perceiving extracellular glycoproteins via the conserved solvent-exposed ARG-GLY-
ASP (RGD) motif (Gee et al., 2008). Integrins connect the plasma membrane with the 
extracellular matrix and upon recognition of the RGD motif they can affect cellular 
differentiation (Streuli, 2008). In plants RGD motifs have a range of activities, 
including blocking mechano-perception (Telewski, 2006) and cell wall adhesion to 
the plasma membrane (Canut et al., 1998).  NDR1 is located in the plasma 
membrane and is anchored to the cell wall (Knepper et al., 2011). The loss of 
functions mutant genotype ndr1-1 displays an impaired pathogen response and 
increased electrolyte leakage upon pathogen infection (Knepper et al., 2011). 
PIN proteins are auxin carrier proteins that determine the flow of auxin 
through plant cells (Leyser, 2010). The polar localisation of PIN proteins in plant cells 
is responsible for the generation of auxin gradients, which in turn determine 
patterning and growth (Leyser, 2011). PIN1-GFP proteins have an extremely low 
motility in the plasma membrane and they have been shown to anchor to the plant 
cell wall (Feraru et al., 2011). Perturbation of cell wall integrity results in altered PIN 
localisation (Dhonukshe et al., 2007). PIN proteins have been shown to be recycled 
to and from the plasma membrane via secretory vesicles (Dhonukshe et al., 2007). 
This recycling and the anchoring of PIN proteins to the cell wall is further evidence 
that the cell wall exists as a continuum with the cytoplasm and plasma membrane 
and that the cell wall and is integral for normal plant development (Feraru et al., 
2011). It will be interesting to see how cell wall changes during development and 
mechanical stimuli alter PIN localisation and subsequently perturb auxin signalling.  
The evidence listed above for a continuum between then cytoplasm, plasma 
membrane and cell wall demonstrates direct physical links between the plant cell 
wall and the cytoskeleton (Li et al., 2007; Bringmann et al., 2012). Furthermore, the 
altered PIN localisation upon cell wall integrity impairment (Feraru et al., 2011) and 
altered pathogen susceptibility in ndr1-1 seedlings  (Knepper et al., 2011) implies 
that cell walls have the ability to signal their status, resulting in changes in the plant 
cell. Furthermore the anchoring of key auxin efflux carriers to the cell wall implies 
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that as well as cell wall signalling during biotic and abiotic stress the cell wall might 
have important roles during plant development.  
1.1.5  Plasticity of the plant cell wall 
Plant cell walls are able to adapt and respond to stimuli received during 
normal cell growth and development, as well as to external stresses such as those 
produced by pathogen attack, wounding and mechanical force (Wolf et al., 2012a). 
In biology, phenotypic plasticity is defined as the ability for an organism to change its 
phenotype in response to changes in its environment. Here I define cell wall 
plasticity as the ability of the cell wall to respond to changes in its environment, from 
both biotic and abiotic stresses. 
Cell wall composition differs from cell type to cell type within species and 
differs wildly between different species, different cell types have been shown to 
have different polysaccharide compositions (Richmond and Somerville, 2001).  
During rapid cellular elongation, such as occurs during root hair and pollen tube 
growth, the cell wall is constantly being modified and new cell wall constituents are 
added (Rounds and Bezanilla, 2012). The difference in cell wall composition in 
different cell types and the rapid formation of new cell walls in tip-growing cells 
demonstrates the plastic nature of the cell wall during development.  
However, the extreme plasticity of the cell wall is best demonstrated during 
pathogen attack. Pathogens use mechanical force and / or cell wall degrading 
enzymes to break through the cell wall and infect the plant cell. During pathogen 
attack plants often deposit callose at the site of infection (Ryals et al., 1996), 
accumulate phenolic compounds (Conrath et al., 2002) and produce lignin polymers 
to reinforce the structure of the cell wall (Franke et al., 2002). At the cellular level 
pathogen-associated molecular patterns (PAMPs) are detected by the plant cell and 
result in a variety of responses such as the production of reactive oxygen species 
(Chinchilla et al., 2007) and fortification of plant cell walls (Hématy et al., 2009; 
Pieterse et al., 2009). As well as PAMPs, plants can detect pathogen infection by 
detecting damage to their cell wall (Hematy et al., 2009). 
Analysis of the effects of pharmacological inhibition of cellulose biosynthesis 
also demonstrates the plasticity of plant cell walls. During cellulose biosynthesis 
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inhibition (CBI), an inducible form of cell wall integrity impairment (CWI), ectopic 
deposition of lignin occurs which increases structural support by compensating for 
the loss of cellulose (Cano-Delgado et al., 2003). This implies that the plant has a 
method to detect CWI impairment and respond accordingly. The methods of 
detecting pathogen induced CWI impairment and other experimentally induced CWI 
impairment appear to be one and the same. This is supported by QRT-PCR and 
microarray data showing that defence genes induced during pathogen attack are 
also induced during induced CWI impairment (Hamann et al., 2009; Hématy et al., 
2009). In addition, many mutants deficient in cell wall biosynthesis display enhanced 
resistance to pathogen infection (Nühse, 2012), this will be discussed in chapter 5. A 
loss of cellulose biosynthesis results in the production of excess pectin (Manfield et 
al., 2004) and pathogen infection results in the deposition of callose (Hematy et al., 
2009). The deposition of cell wall constituents to compensate for a loss of cellulose 
and the transcriptional changes that occur during CBI and pathogen infection 
indicate that CWI is perceived and responded too by the plastic nature of the plant 
cell wall.  
Plasticity in the cell wall has also been demonstrated using mutant lines 
deficient in different cell wall components. The A. thaliana mutant’s ectopic lignin 1-
1 and 1-2 (eli1-1 and eli1-2) show deposition of lignin during normal plant growth 
(Caño Delgado et al., 2003). These mutants have been characterized and shown to 
be mutations in CESA3, therefore not producing normal cellulose and producing 
lignin to provide structural support. Multiple cellulose deficient mutants exist in A. 
thaliana other than those already described. Some affect the CESA gene family such 
as procuste1-1 to 1-12 (prc1-1 to 1-12) that are all mutations in CESA6. Additionally 
the knopf mutant contains greatly reduced cellulose and is phenotypically similar to 
rsw1 (cesa1). However, the gene encodes the enzyme -glucosidase I, which 
catalyses the first step in N-linked glycan processing (Gillmor, 2005). This therefore 
demonstrates that genes other than Cellulose synthase subunits are critical for 
normal cellulose synthesis. Additionally KORRIGAN was also identified in a mutant 
screen for cellulose defects, It encodes an endo-1,4--glucanase that is required for 
the synthesis of cellulose microfibrils (Lane et al., 2001). While many mutant 
genotypes have been identified which have perturbed cell wall constituents, they are 
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all still capable of producing a viable cell wall and growing (albeit at reduced rates) 
(Reiter et al., 1997; Mouille et al., 2003), therefore demonstrating the extreme 
plasticity of the plant cell wall.  
In addition to cellulose, abolition of other cell wall constituents still allows 
plant growth. In A. thaliana the double mutant xylosyltransferase1 
xylosyltransferase2 (xxt1 xxt2) shows a complete lack of xyloglucan (Cavalier et al., 
2008). However, it has only subtle growth differences and a cell wall that has 
mechanical properties similar to wild-type. In addition, loss of lignin via perturbation 
of its biosynthetic pathway produces seedlings that have reduced growth but are 
also able to form cell walls allowing growth and propagation of the mutant genotype 
(Gallego-Giraldo et al., 2011). 
These examples elegantly demonstrate the extreme plasticity of the plant cell 
wall. However, while this plasticity has been demonstrated in a variety of ways, little 
is known of the perception mechanisms that the plant uses to detect a perturbed 
cell wall and respond accordingly.  
 
1.2 Cell wall integrity signalling in yeast 
Yeast cells contain a simple cell wall that, like plants, must have the structural 
ability to resist a high cellular turgor pressure and adapt to environmental change 
(Levin, 2011). The chemical components of the yeast cell wall are howerver differnet 
to plants. In addition, unlike plants the yeast CWI maintenance mechanism has been 
extremely well characterised (Levin, 2005). Yeast cell walls are composed of an inner 
load bearing polysaccharide layer containing -1,3glucan, -1,6 glucan and chitin. An 
outer protective layer also exists which is rich in mannoproteins (Levin, 2011). 
Therefore the composition of the yeast cell wall differs to plants. Yeast cell walls 
must be adaptive and responsive in order to allow growth, mating and responses to 
stress such as temperature, osmotic stress and chemical disruption (Jendretzki et al., 
2011). An elaborate cell wall integrity (CWI) system has been characterised in yeast 
(Figure 1-2). The yeast proteins WSC1 (WALL SENSOR CANDIDATE 1) and MID2 
(MATING INDUCED DEATH2) have been identified as membrane localized sensors for 
CWI (Levin, 2011). These proteins have intracellular RhoGEF domains as well as 
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heavily glycosylated extracellular domains for detecting cell wall stress (Jendretzki et 
al., 2011). These proteins are activated via conformational changes which occur 
during CWI impairment that result in an increase in intracellular RhoGEF activity; 
increased RhoGEF activity elicits responses via a mitogen activated protein kinase 
(MAPK) signalling cascade involving Rho1p and MAPKs (Levin, 2011). Rho1p has been 
shown to activate transcription factors involved in maintaining cell wall integrity, 
ultimately regulating the transcription of glucan synthases and formins (Jendretzki et 
al., 2011; Levin, 2011). These receptors imply a signalling network with the ability to 
sense, signal and subsequently feedback to maintain cell wall integrity. Atomic Force 
Microscopy (AFM) was used to characterize the yeast protein WSC1 (Dupres et al., 
2009). The extracellular domain of the protein was demonstrated to behave like a 
linear nano spring that was capable of resisting high mechanical force and respond 
to cell wall surface stress. Both the insertion of a glycine repeats in WSC1 and a 
naturally occurring mutant (pmt4) were shown to affect spring characteristics of the 
protein, supporting the idea that glycosylation of the extracellular region is 
fundamental to normal protein function (Dupres et al., 2009). Furthermore, 
disulphide bridges are required for clustering of individual WSC1 sensors in the cell 
wall(Dupres et al., 2011).  
Yeast contain several other proteins involved in the detection of CWI 
impairment that signal in a different manner to WSC1/MID2 with their extracellular 
domains. These include the mechano-sensitive calcium channel MATING INDUCED 
DEATH 1 (MID1) and the CALCIUM CHANEL HOMOLOGUE 1 (CCH1). MID1 encodes 
the calcium channel, whereas CCH1 encodes a protein conferring stretch activation 
of the channel. Both of these genes are required for a stretch activated calcium pulse 
across the plasma membrane resulting in activation of calcineurin and subsequent 
activation of genes associated with CWI (Batiza et al., 1996; Levin, 2011). The 
MID1/CCH1 Ca2+ channel is also activated by hyper osmotic shock in yeast (Batiza et 
al., 1996). 
Osmotic stress is of particular importance to the survival of yeast as it can 
substantially affect turgor pressure and therefore cause CWI impairment. SLN1 
encodes the yeast cell surface sensor kinase that regulates osmo-sensing. Upon 
changes in osmolarity SLN1 is phosphorylated and rapidly activates the kinase MPK1 
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(García-Rodríguez et al., 2005; Levin, 2011). Furthermore, basal level of SLN1 activity 
is restored within 30 minutes of an osmotic shift. However, a further osmotic shift 
then activates MPK1 again, demonstrating that the yeast cell detects a change in 
osmotic potential and not in solute concentration (Davenport et al., 1995; García-
Rodríguez et al., 2005; Levin, 2011). SLN1 is auto phosphorylated under low 
extracellular osmolarity, which leads to activation of the transcription factor SKN7 
that regulates cell wall biogenesis (Levin, 2005). By contrast SLN1 is inactivated 
during hyper-osmotic shock and the map-kinase Hog1 is activated resulting in 
transcriptional changes (García-Rodríguez et al., 2005).  
Therefore these proteins collectively allow detection of changes in the cell 
wall. This results in signalling cascades leading to adjustments in gene activity to 
maintain cell wall integrity. Although not yet fully studied, evidence suggests a 
similar system of detection, signalling and response exists in plant cell walls (Hamann 
and Denness, 2011; Hamann, 2012). 
 
 
Figure 1-2 A model of the Yeast Cell wall Integrity (CWI) mechanism 
Yeast proteins WSC1P and MID2 are composed of extracellular, trans membrane and intracellular 
domains. The proteins signal changes in CWI through a MAPK signalling cascade that results in an 
alteration of transcription in genes associated with cell wall components. Additionally the plasma 
membrane located MID1/CCH1 complex is a stretch activated calcium channel that causes a Ca
2+
 
increase during CWI changes. This activates calcineurin that in turn alters gene transcription. Osmo-
stress is also regulated for by the receptor kinase SLN1. This activates MPK1 in times of hypo-osmotic 
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stress or is deactivated during hyper-osmotic stress that results in the activation of HOG1 (Levin, 
2005; Levin, 2011).  
 
1.3 Candidate plant Cell Wall Integrity 
signalling mechanisms  
Although no CWI system has yet been defined in plants, several potential CWI 
sensing proteins have been identified (Hamann and Denness, 2011).  Promising 
candidates include receptor like kinases, a family of mechano-sensitive channels of 
small conductance proteins (MSLs), a mechanosensitive calcium channel (MCA1) and 
the wall-associated receptor-kinases (WAKs).  
1.3.1 Plant cell wall derived signalling molecules 
The plant cell wall is a complex matrix composed of many different 
constituents. During pathogen infection it is penetrated using hydraulic force and / 
or cell wall degrading enzymes. These processes probably cause breakage products 
of the cell wall to be released. These breakage products could be small cell wall 
fragments, which could act as ligands or effectors for receptors on the plant cell wall, 
therefore indicating damage (Ayers et al., 1976; Aziz et al., 2007). What constituents 
of the cell wall have an elicitor effect? What effect do these elicitors have and do 
they have a role in defence solely? 
 Pectin is a major target for cell wall degradation by bacteria during pathogen 
attack (Darvill et al., 1992). A short breakdown product of Homogalacturonide (HG) 
are α1,4 oligogalacturonides (OGAs) with a chain length of 9-15 GalA residues which 
represent well characterised plant-derived elicitor (Wolf et al., 2012a). OGAs are 
pectin fragments and are thought to be produced during pathogen attack enzymatic 
degradation of pectin (Osorio et al., 2007). Treatment with OGAs alone can induce 
expression of defence related genes, accumulation of defence compounds 
(phytoalexins) ethylene induction, H2O2 induction, stomata closure and cell wall 
reinforcement (Hahn et al., 1981; Simpson et al., 1998; Ridley et al., 2001; Nothnagel 
et al., 2005; Moscatiello, 2006; Osorio et al., 2007). The signalling function of OGAs 
requires a certain amount of de-methylesterification, therefore pectin 
methylesterase (PME) is required for OGA signalling (Francis et al., 2006). As well as 
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a role in signalling during pathogen infections, OGAs also have signalling roles during 
plant development; during separation of A. thaliana pollen tetrads (Francis et al., 
2006); during avocado and tomato fruit ripening (Wakabeyashi et al., 2003) and 
OGAs can control auxin signalling during pea stem cell elongation (Bellincampi et al., 
1996). The receptor which OGA is a ligand for has recently been identified and 
shown to be the WALL ASSOCIATED KINASEs (WAKs) (Kohorn, 2012). Cells lacking 
WAK2 show no induction of stress responses upon treatment with OGAs (Kohorn et 
al., 2006) (Kohorn et al., 2009). The extracellular domain of WAK1 was fused to the 
EFR kinase domain which when activated induced ROS production and ethylene 
signalling, tobacco leaves expressing the chimeric receptor were activated upon 
treatment with OGAs (Brutus et al., 2010). A more detailed discussion of WAKs can 
be found below.  
 As well as pectin breakdown during pathogen infection, cellulose can also be 
broken down by cellulases, resulting in the production of cellodextrins (CD), which 
are water soluble β 1-4 glucoside residues (Vidal et al., 1998). They have been 
reported to participate in the regulation of cellulose synthesis and bacterial cell 
growth (Scheible and Pauly, 2004; Matthysse et al., 2005). Grapevine cells treated 
with CD show an oxidative burst, increase in cytosolic Ca2+ concentrations and 
induced defence gene transcription (Aziz et al., 2007). Cells treated with CD showed 
full responsiveness to a second treatment with OGAs, therefore indicating that the 
method of CD and OGA perception differs and the signals are identified as being 
separate (Aziz et al., 2007). This raises the hypothesis that different components of 
the cell wall can act as ligands for different signalling cascades. As of yet no 
experimentation has been performed on CD signalling in A. thaliana and a receptor 
for the CD has not been identified.  
 In addition to OGAs (pectin products) and CD (cellulose products) xyloglucan 
(XG) oligosaccharides could have a role in cell wall signalling in addition to their 
structural role. XG monosaccharide’s (XG9) have been shown to inhibit auxin 
induced stem elongation in pea (York et al., 1984). This signalling role was specific to 
XG9 as treatment with XG10 (XG9 with galactose) and XG8 (XG9 lacking fucose) 
could not replicate XG9 treatment phenotypes (York et al., 1984). The loss of activity 
in XG8 also demonstrates that fucosylation is important for the signalling of XG-9. 
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Paradoxically however, a loss of fucosylation mutant (mur2) in A. thaliana shows no 
significant phenotypic difference compared to wild type (Vanzin et al., 2002). The 
fucosyltransferase family in A. thaliana does have 10 members, therefore 
redundancy could be responsible for the lack of a mutant phenotype (Schallus et al., 
2008). 
 As explained above fragments of multiple cell wall constituents have elicitor 
activities in plant cells, activating defence responses. This ‘self’ perception of 
breakdown products of the cell wall has an obvious evolutionary advantage to the 
plant, allowing it to not rely solely on the Pathogen Associated Molecular Pattern 
(PAMP) signalling pathway to detect pathogen infection. PAMP signalling will be 
discussed in depth in chapter 5. 
1.3.2 Receptor-like kinases involvement in CWI sensing 
and signalling 
Plasma membrane localized receptor link kinases (RLKs) are primary 
candidates for sensors and monitors of CWI. RLKs are composed of an extracellular 
receptor domain, a trans membrane domain and an intracellular protein kinase 
domain (Shiu, 2001). The A. thaliana genome encodes for ~600 RLKs, making it the 
largest receptor gene family (Shiu, 2001). The large RLK family was produced as a 
result of tandem and segmental duplication in the A. thaliana genome (Shin-Han, 
2003). Plant RLKs and animal tyrosine kinases are thought to function in the same 
manner, binding of a ligand to the extracellular domain causes a conformational 
change, altering protein kinase activity of the intracellular domain. Several RLKs have 
putative roles as CWI sensors (Li et al., 2008; Harpaz-Saad et al., 2011; Lindner et al., 
2012). However, the only RLK with demonstrated cell wall carbohydrate binding 
activity is WAK1 (He et al., 1999). WAK1 was localized to the plasma membrane and 
shown to bind to a cell wall fraction (He et al., 1999). The function of RLKs in plants 
can be divided into two categories (as in animals). The first group of RLKs are 
involved in developmental regulation of plant growth, such as BRI1, CLV1 & ER (De 
Smet et al., 2009). The second group of RLKs are involved in signalling during stress 
responses and pathogen interactions, such as FLS2, EFR and WAK1 (Gómez-Gómez 
and Boller, 2000; Zipfel et al., 2006; Kohorn, 2012). FLS2 binds to bacterial peptide 
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FLG22 (a PAMP) and results in inhibition of cell elongation, induction of NADPH 
oxidases and phytohormone induction(Gómez-Gómez and Boller, 2002). All RLKs 
putatively involved in CWI sensing and signalling are described below while RLKs 
involved in PAMP recognition are discussed in greater detail in chapter 5. 
1.3.3 Carananthus roseus RLK-like family (CrRLK) 
The plant specific Catharanthus roseus RLK1 (CrRLK1)-like family of proteins 
contains 17 members in A. thaliana (Hématy and Hofte, 2008). Of these THESEUS1 
(THE1) encodes a plasma membrane-bound receptor-like kinase, which is present in 
elongating cells (Hematy et al., 2007). THE1 was identified in a suppressor screen for 
the cell wall mutant procuste (prc1-1). the1-1 prc1-1 knock out and THE1 over-
expressing genotypes (in a non-prc1-1, Col-0 background) do not affect wild-type 
seedlings but reduce lignification of seedlings deficient in CESA6 without influencing 
cellulose deficiency. the1-1 prc1-1 seedlings show a rescued hypocotyl growth 
phenotype compared to prc1-1 (Hématy et al., 2007). The the1-1 prc1-1 mutation 
also decreases the amount of lignin deposition in the mutant eli1-1 that normally has 
ectopic lignin deposition. THE1 is believed to mediate the response of growing plant 
cells to the perturbation of cellulose synthesis and may act as a cell wall integrity 
sensor (Hematy et al., 2007). Of the genes with altered transcript levels in the1-1 
prc1-1 compared to prc1-1, some encode ROS detoxifying enzymes, extensins and a 
peroxidase implicating THE1 in regulation of cell wall cross-linking. Additionally, 
genes involved in glucosinolate biosynthesis were affected in the the1-1 prc1-1 line. 
These responses could be induced during normal development or pathogen attack, 
implying that THE1 is a general regulator of CWI (Hématy et al., 2007). Other 
members of the CrRLK family will be discussed in chapter 5. 
1.3.4 Wall associated kinases (WAKs) 
The WAKs are the best characterized of all putative CWI sensors. 5 WAK and 
21 WAK-like (WAKL) genes have been identified in A. thaliana (Verica and He, 2002). 
The proteins consist of a transmembrane domain, a cytoplasmic Ser/Thr kinase 
domain and an extracellular domain capable of interacting with the cell wall 
(probably via binding to pectin).  Additionally WAK and WAKL genes contain 
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epidermal growth factor –(EGF)-like repeats. WAK protein binding to the cell wall 
was determined through a number of different methods. WAK protein was isolated 
from cells by boiling in detergent, implying that WAKs were cross-linked to insoluble 
material and hence the cell wall (He et al., 1996). To confirm this electron 
micrographs with specific WAK kinase antiserum indicated that WAKs were present 
in the cell wall and plasma membrane (He et al., 1996). The 5 WAK genes are located 
in a 30-kb locus on chromosome 1 with the intracellular kinase domains being 85% 
identical and extracellular binding domains showing 65% identity (He et al., 1999).  
Dominant mutants of WAKl genes have shown resistance to Fusarium in A. 
thaliana and rice blast in Oryza, linking WAKL genes to pathogen resistance (Diener, 
2005; Li et al., 2008). WAKL gene number is greatly expanded in crop species, being 
present in several large gene clusters, suggesting the genes play important roles in 
pathogen resistance or other functions (Verica, 2002). However, although the WAKL 
family of genes appears to have important roles relatively little attention has been 
paid to them and no evidence exists, showing that WAKLs bind to constituents of the 
cell wall (Kohorn, 2012). It is possible that WAKL genes have diverged significantly 
enough from the WAKs to have different, non-cell wall related functions. Therefore 
WAKLs are only related to WAKs due to the EGF repeats contained within them, 
further work needs to be performed to clarify this (Kohorn, 2012).  
WAK genes have a demonstrated role in cell expansion: an antisense WAK 
transcript reduced WAK protein levels by 50% resulting in a smaller cell size (Kohorn 
et al., 2006). As the WAK genes are located in a 30kb cluster generation of double 
and triple mutants is extremely difficult. Analysis of mutant lines has been 
prohibitive as most single knockout mutants display no observable phenotype (He et 
al., 1999). However, wak2-1 knockout lines display decreased root growth 
attributable to a loss of cell expansion in roots. Additionally wak2-1 show a reduction 
in vacuolar invertases, leading to the hypothesis that WAKs regulate cell expansion 
through altering sugar levels and potentially the turgor pressure within plant cells 
(Kohorn et al., 2006). 
WAKs are bound to pectin in the cell wall, pectinase was shown to dislodge 
WAKs from the cell wall while cellulase and other cell wall degrading enzymes could 
not achieve this (Anderson et al., 2001). WAK-GFP proteins accumulate in 
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cytoplasmic compartments which contain pectin, additionally WAK compartments 
contain markers for the Golgi which is the site of pectin synthesis (Kohorn, 2006). 
The compartments where WAK-GFP are located move to the cell surface more slowly 
than would be expected from a cell surface receptor not associated with the cell wall 
(Kohorn, 2012). Furthermore WAK1 & 2 bind to pectin in vitro, with a preference for 
de-esterified pectin (Wagner and Kohorn, 2001; Decreux, 2005; Decreux et al., 2006). 
The interaction between the receptor (WAKs) and ligand (pectin) begins at an early 
phase of pectin production in the cytoplasm (Kohorn et al., 2006). WAKs can also 
bind to OGAs and functions as receptors for OGAs as mentioned previously (Kohorn, 
2012).  
MITOGEN ACTIVATED PROTEIN KINASES 3 (MPK3) is activated by WAK2 
during OGA treatment, this is confirmed by observations that wak2-1 knockout lines 
have reduced MAPK3 activation (Andreasson and Ellis, 2010) (Kohorn et al., 2009) 
(Moscatiello, 2006).  
1.3.5 Proline rich Extensin-like Receptor Kinases (PERKs) 
The proline-rich extensin-like receptor kinase (PERK) family consists of 15 
members in A. thaliana (Shin-Han, 2003). PERKs contain an extension like 
extracellular domain and predicted to be expressed at the plasma membrane (Silva 
and Goring, 2002; Nakhamchik et al., 2004). The first reported PERK, BnPERK1 (from 
Brassica napus) is rapidly induced transcriptionally during wounding (Silva and 
Goring, 2002). AtPERK1 is located in the plasma membrane with the extracellular 
domain embedded in the cell wall (Nakhamchik et al., 2004). Similar to the WAKs, 
PERK4 is associated with pectin, as shown by increased protein extraction using 
pectinase treatment (Bai et al., 2009). In addition perk13 shows decreased root 
length, therefore implying PERKs in root cell elongation (Humphrey et al., 2007). 
Antisense down-regulation of PERK expression resulted in defects in floral organ 
growth and development (Haffani et al., 2006). PERK4 is involved in ABA-dependent 
Ca2+ influxes in the root and is required for normal ABA sensitivity (Haffani et al., 
2006). 
The PERKs have roles in development and stress responses. However in order 
to demontrate that they have a role in CWI sensing or signalling further work is 
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needed in order to demonstrate their direct involvement in signalling during cell wall 
perturbations.  
1.3.6 Leguminous L-Type Lectin RLKs (LecRKs) 
Leguminous L-type Lectin RLKs are a group of 45 RLKs which bind to 
carbohydrates via their lectin motifs (André et al., 2005; Bouwmeester and Govers, 
2009; Bouwmeester et al., 2011). Expression of the A. thaliana LECRK-A1 is induced 
during senescence of leaves, wounding and in response to OGAs (Riou et al., 2002). 
Additionally LEKRK79 interacts with the tripeptide motif RGD (Arg-Gly-Asp) in IPI-O, 
an RXLR effector from Phytophthora infestans (Bouwmeester et al., 2011). RGD 
peptides can dissociate PM-cell wall Hechtian strands which are formed during 
plasmolysis (Canut et al., 1998). P.infestans can disrupt cell wall-plasma membrane 
connections through the RGD domain on IPI-O (Gouget, 2005). LecRLKs are 
expressed at very low levels during development but are transcriptionally up-
regulated during pathogen infection (Bouwmeester and Govers, 2009). Recently the 
receptor LecRK-I.9 has been identified as a receptor for RGD peptides. Null mutants 
have reduced callose deposition, reduced membrane-wall contacts and increased 
pathogen susceptibility (Bouwmeester et al., 2011). The potential structural role of 
LecRLKs in cell wall – plasma membrane interaction has not been extensively 
investigated. However, the large number of genes and induction during abiotic and 
biotic stress responses as well as the carbohydrate binding abilities suggest that 
LecRLKs could play a role in CWI signalling (Bouwmeester et al., 2011). 
 
1.3.7 Mechano–sensitive channels 
Organisms across all of the kingdoms of life have to respond to physical 
forces such as touch, sound and osmotic stress. These signals have to be detected 
and translated into biochemical signals that can be perceived by the cell. 
Mechanosensitive channels of small conductance (MscS) are well-characterised 
mechanosensitive channels that serve to protect E.coli cells from osmotic shock 
(Haswell et al., 2011). Stretching of the membrane opens these channels and 
subsequently ions pass through them. The resulting ion flux across the membrane 
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results in membrane potential changes, increases in cytoplasmic Ca2+ levels and 
relief of osmotic pressure (Haswell et al., 2011). 10 MscS-like (MSL) genes have been 
identified in A. thaliana and 6 in Oryza sativa (rice) (Haswell and Meyerowitz, 2006). 
Conserved motifs present in the MSL family and MscS genes are critical for mechano-
sensitive function (as shown in MSL2, (Jensen and Haswell, 2012)). 
MSL3 can rescue an E.coli mutant line deficient in MscS from osmotic shock, 
therefore demonstrating that the MSL3 protein functions as a mechano-sensor 
(Haswell and Meyerowitz, 2006). In plants MSL2 & 3 have been shown to regulate 
plastid size and are co-localised with the division protein MinE to specific areas on 
plastids, thereby regulating organ morphology (Haswell and Meyerowitz, 2006). 
Increasing cytoplasmic osmolarity by increasing osmolytes in the growth medium or 
withholding water rescues the aberrant plastid morphology present in msl2-1 msl3-1, 
returning them to wild-type morphology (Veley et al., 2012). Additionally, msl2-1 
msl3-1 leaves undergo rapid and reversible volume changes in response to 
hypertonic and hypotonic stress. This demonstrates that MSL2 and MSL3 are 
mechano-sensors that regulate the turgor pressure of the plastid, allowing a 
constant morphology and shape to be maintained with different cytosolic turgor 
pressures (Veley et al., 2012). While MSL2 and MSL3 have a role in turgor pressure 
maintenance, what are the functions of the other MSL family members? 
MSL9 and MSL10 are expressed in the root of A. thaliana and are localised to 
the plasma membrane and cell plate (Haswell et al., 2008). Both channels can 
function independently as mechano-sensitive channels, however their combined 
activity is required for normal A. thaliana protoplast conductance across the 
membrane (Haswell et al., 2008). Conclusive evidence that the MSLs act like 
mechano-sensitive channels was obtained from MSL10 expression in Xenopous laevis 
oocytes and single channel patch clamp analysis of conductance. This demonstrated 
a level of conductance similar to what had been described for MSL10 in the root of A. 
thaliana (Maksaev and Haswell, 2012). Additionally MSL10 was shown to have a 
preference for anions (Maksaev and Haswell, 2012). MSL10 conductance was 
inhibited by Gadolinium, a known inhibitor of mechanosensitive channels (Maksaev 
and Haswell, 2012).  
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While the MSL family have been shown to function as mechano-sensors in 
plants, a quintuple msl4, 5, 6, 9 & 10 mutant genotype displays no observable 
differences to wild-type when grown under osmotic, salt, mechanical, dehydration 
and rehydration stresses (Haswell et al., 2008).  Therefore the exact physiological 
roles of MSL4, 5, 6, 9 & 10 remain unclear. This observation could be explained by 
redundancy between stretch-activated channels. 
MCA1 (MID1 COMPLEMENTING ACTIVITY 1) was originally identified as a 
gene which is up-regulated during the S-phase of the cell cycle (Menges, 2002). 
MCA1 provides the best evidence of possible functional similarities between the 
yeast and plant CWI systems. A functional complementation study showed that the 
yeast mid1/cch1 double knock out could be partially complemented by plant MCA1, 
even with the low conservation between the two genes (10% identity and 41% 
similarity) (Nakagawa et al., 2007). However unlike the yeast proteins that require 
the complete MID1/CCH1 complex to confer stretch activation, MCA1 can function 
on its own (Nakagawa et al. 2007). MCA1-GFP localised to the plasma membrane in 
A. thaliana root cells while membrane fractionation of yeast cells expressing MCA1 
showed that it is an integral membrane protein. Measurements of Ca2+ levels in wild 
type, mca1 and MCA1-OX lines showed that it was responsible for Ca2+ influx during 
growth (Nakagawa et al., 2007). In support of a mechanical membrane-stretch 
signalling role mca1, seedling roots were unable to continue growing through a low-
high % agar gradient (Nakagawa et al., 2007).  
More recently, the only paralog to MCA1, MCA2, has been shown to rescue the 
yeast mid1/cch1 double knock out as well (Yamanaka et al., 2010). MCA2 is 89% 
similar to MCA1 at the amino acid level (Yamanaka et al., 2010). Both proteins share 
common structural features including a putative transmembrane domain, an EF 
hand like region, a coiled-coil motif and a PLAC-8 domain (Nakano et al., 2011). 
Expression patterns of MCA1 and MCA2 show both overlapping and differing regions 
of expression. MCA1 is expressed in the root cap and elongation zone, however 
MCA2 is not. MCA2 is universally expressed in 10 day old seedlings (with the 
exception of the elongation zone) at higher levels than MCA1 (Yamanaka et al., 
2010). MCA2-GFP was localised at the plasma membrane, like MCA1. However, 
unlike MCA1, MCA2-GFP showed an attachment to the cell wall when plasmolysis 
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occurred. In addition Ca2+ uptake was disturbed in mca2 (Yamanaka et al., 2010), 
whereas in mca1 Ca2+ uptake was similar to wild-type levels (Nakagawa et al., 2007). 
MCA2 overexpression lines showed no alteration in root growth, while, MCA1-OX 
lines did show retarded root growth compared to wild type (Nakagawa et al., 2007). 
Furthermore, mca2 mutants were able to grow through increasing agar 
concentrations (hence increasing mechanical stress). However, mca1 mutant 
genotypes could not grow through increasing agar concentrations due to a loss of 
mechano-sensing ability (Nakagawa et al., 2007). 
In tobacco BY2 cells, two MCA family members were identified, NtMCA1 and 
NtMCA2 (Kurusu et al., 2011). Both genes complemented the yeast mid1/cch1 line 
and enhanced Ca2+ influx in yeast. In tobacco BY2 cells over-expression of either 
gene enhanced Ca2+ uptake and alleviated low Ca2+ restrictive growth. In addition, 
overexpressing BY2 cells showed sensitivity to hypo-osmotic stress. As with AtMCA2, 
both genes were localised to the plasma-membrane and its interface with the cell 
wall. In addition to tobacco, a sole MCA orthologue in rice (OsMCA1) has been 
characterised (Kurusu et al., 2012). As with the A. thaliana and tobacco MCA genes, 
this was localised to the plasma membrane and could restore mechano-sensitivity to 
the yeast mid1/cch1 line. Additionally, an OsMCA1-OX line showed increased ROS 
production during osmotic stress suggesting that OsMCA1 regulates ROS production 
during osmotic stress in rice (Kurusu et al., 2012). 
MCA1 and MCA2 are stretch activated Ca2+ channels involved in the induction of 
osmotic stress signalling. However, disparity in their localisation and mutant 
phenotypes in A. thaliana means that the two genes could have different roles in the 
plant. 
Therefore the aforementioned mechanisms could regulate the plant cells 
response to changes in its cell wall. A schematic illustrates the mechanisms in which 
CWI functions in plants can be found in Figure 1-3.  
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Figure 1-3 Model of cell wall integrity sensing and signalling in plants. 
Stress is hypothesised to be perceived in the cell wall and at the plasma membrane. This 
results in activation of downstream signals that regulate osmotic levels and transcription of genes 
encoding defence responses and cell wall remodelling responses. Image adapted from (Seifert and 
Blaukopf, 2010) 
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1.4 Aims 
The overall aim of this research was to examine the signalling mechanisms 
regulating the response to CWI impairment. Six key areas were studied. 
 Evaluate the efficacy of methods to induce CWI impairment (chapter 3) 
 Investigate the role of osmotic stress in the response to CWI 
impairment (chapter 3) 
 Characterise phytohormone levels during CWI impairment (chapter 4) 
 Investigate the role of ROS signalling as a consequence of CWI 
impairment (chapter 4) 
 Determine if PAMP signalling is required for the response to CWI 
impairment (chapter 5) 
 Determine if any candidate RLKs are required for the response to CWI 
impairment (chapter 5) 
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Chapter 2 General Materials and 
methods 
All chemicals, unless stated, were purchased from Sigma Aldrich. 
2.1 A. thaliana growth conditions 
Arabidopsis thaliana (c.v. Columbia) tissue for the experiments was 
generated using a liquid culture technique. Seeds (30mg) were sterilized with 70% 
ethanol for 5 minutes, 50% bleach for 5 minutes and then rinsed 3 times with sterile 
Milli-Q water. Seeds were then added to 125ml flasks containing growth media. 
Growth media was composed of 2.1g/L MS salts (Murashige & Skoog basal medium 
with vitamin, PhytoTechnology Laboratories), 0.5g/L MES salts (Acros Organics) 
and 1% sucrose at pH 5.7. Flasks of seedlings were then incubated under a Light:Dark 
(LD) cycle (16:8) at 23C and 120 mol m-2 s-1 light rotating on an IKA KS501 21 flask 
shaker at a constant speed of 130 rotations per minute.  
After 6 days of growth, isoxaben (Riedel de Haen) was added, dissolved in 
DMSO to give a final concentration of 600nM. A mock treatment containing only 
DMSO was also performed. 
A. thaliana seeds grown on plates where sterilized identically to liquid culture 
grown seedlings. Seeds were then placed onto square plates composed of 2.1g/L MS 
salts (Murashige & Skoog basal medium with vitamin, PhytoTechnology Laboratories), 
0.5g/L MES salts (Acros Organics), 1% phytagel and 1% sucrose at pH 5.7. Plates 
were grown on a LD cycle (16:8) at 23C for 6days before isoxaben treatment. 
Seedlings were transferred to liquid media from plates at 6 days and treated with 
isoxaben as described above. 
 
2.2 Lignin staining 
Seedlings were grown in liquid culture as described previous. Seedlings for 
lignin staining were harvested at the desired time point (12 hours post isoxaben 
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addition) and the tissue was cleared in 70% ethanol for a minimum of 7 days. Every 
two days ethanol was replaced. 
Phlororoglucinol (0.2g) was dissolved in 20mL 20% HCl solution. Immediately 
prior to staining the solution was filtered through a Whatman filter paper (Grade II) 
in order to remove phloroglucinol crystals and un-dissolved phloroglucinol. 
Phloroglucinol solution was disposed of after a maximum of 12 hours use and fresh 
solution produced prior to subsequent staining. Staining was performed as described 
by Jenson (1962). 
Seedlings were submerged in phloroglucinol staining solution for a minimum 
of two minutes and then mounted on microscope slides with phloroglucinol solution. 
N=20 for each experimental repeat of each condition harvested. Three experimental 
repeats were performed. Microscopy was performed on a Carl Zeiss Axioplan 2 
ausing the 5X objective lens. Images were captured using Axiovision version 3.1. 
Images were cropped using preview for Mac OSX and figures compiled in Microsoft 
PowerPoint. Scale bars for images were produced via a Gallenkamp staged graticule 
and added to images using Image-J version 1.45s, obtained from 
http://imagej.nih.gov/ij. White boxes in figures highlight areas of low lignin 
deposition.  
2.3 JA / SA / ABA quantification 
JA, SA & ABA were quantified based on a previously described method 
optimised for liquid culture growth (Forcat et al., 2008). Six day old A. thaliana 
seedlings were harvested at the follwoing time points (0, 1, 2, 4, 8, 12 and 24 hours) 
post isoxaben addition for time course analysis of phytohormones and 7 hours for 
analysis of JA in mutant genotypes. Seedlings were harvested in foil packets and 
immediately flash frozen in liquid N2. Samples were then freeze-dried using a Heto 
Drywinner DW1.0-60e freeze-dryer for a minimum of 24 hours. 6.5mg of freeze-
dried tissue (± 0.3mg) was used with four technical replicates performed per sample. 
Samples were extracted using 400μL of extraction buffer (10% HPLC grade Methanol, 
1% acetic acid) with internal standards; 2μL 0.5μg ml-1 2H6 ABA; 2μL 5μg ml
-1 13C2- JA 
and 2μL 100μM 2H4 SA for 30 minutes on ice. Samples were then centrifuged for 10 
minutes (at 4°C), supernatant removed and a re-extraction performed with 400μL of 
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extraction buffer (without internal standards). Extracts were pooled and centrifuged 
3 times and the supernatant removed after each centrifugation in order to ensure all 
debris was removed. The sample of 450μL was then pipetted into 1.5mL glass 
autosampler vials (Chromacol). 
Samples were than quantified with LC-MS/MS using an Agilent 1100 HPLC 
coupled to an Applied Biosystems Q-Trap 2000 fitted with a turbo ion spray source 
operating in negative mode. Chromatographic separation of molecules was 
performed using a Phenomenex Luna 3μM C18(2) 100mm x 2mm column 
maintained at 35°C and on an acetonitrile gradient (5% acetonitrile to 94.9% 
acetonitrile) containing 0.1% formic acid. An injection volume of 50μL was used. 
Multiple Reaction Monitoring (MRM) was then used for identification of the 
following mass transitions JA 209.2>59, 13C2-JA 211.2>61, SA 137.1>93, 
2H4-SA 
141>97, ABA 263.2>153 and 2H6 ABA 269.2>159. Compounds were quantified using 
Analyst software from Applied Biosciences. A two tailed students T-test was used to 
statistically compare phytohormone data using Microsoft Excel, P≤0.05. 
 
2.4 Root Growth Inhibition (RGI) assay 
Root Growth inhibition (RGI) after isoxaben treatment was determined by 
measuring the average root length at 0 and 24 hours after isoxaben treatments. 
Seedlings were grown in liquid culture, isoxaben added and then harvested at the 
designated time point and stored in 70% ethanol. Seedlings were placed on 2% agar 
plates and photographed using an Apple iPhone 5. N=20 for each experimental 
repeat. Three experimental repeats were performed. Image-J version 1.45s was 
obtained from http://imagej.nih.gov/ij and used to determine the length of 
individual roots. Microsoft Excel was used to determine average root length, 
standard deviation and standard error between data sets. A Student’s T-test was 
used to determine if average root lengths were different between mutant genotypes 
and Col-0 control, P≤0.05. All data from mock conditions can be found in Appendix I. 
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2.5  RNA extraction 
In order to isolate total RNA to perform QRT-PCR, seedlings were grown in 
liquid culture and harvested at 0, 1, 2, 4, 8, 12 & 24 hours post isoxaben addition. 
Samples were immediately flash frozen in N2 at the time of harvest and stored at -
80°C. RNA was extracted from samples using the Plant RNeasy mini kit (Qiagen, as 
described by the manufacturer’s instructions). After RNA extraction, samples were 
precipitated overnight in a NaAc and ethanol precipitation. RNA quality and quantity 
was then determined by running the samples on a 1.5% agarose gel and using a 
Nanodrop ND-1000 (measuring A260, labtech). 
2.6  cDNA synthesis 
RNA for QRT-PCR was reverse-transcribed into cDNA using the Quantitect 
Reverse Transcription Kit (Qiagen), following the manufacturer’s instructions. Total 
RNA template (1μg ) was used.  
2.7  Quantitative real time PCR (QRT-PCR) 
QRT-PCR experiments were designed and performed as recommended in 
(Udvardi et al., 2008). QRT-PCR was performed in a 72-well rotor in a Corbett 
Rotorgene 3000 machine (Qiagen). Quantitect SYBR Green (Qiagen) kit was used 
according to the manufacturer’s instructions with 10μL reactions. CT values 
produced were processed using REST© (Pfaffl et al., 2002). PP2AA3 was used as a 
reference gene (Hong et al., 2010). Data presented is from a single experimental 
repeat but representative of the 3 biological repeats performed. All three of the 
biological repeats were composed of three technical replicates. Data was collated in 
Microsoft Excel. Primer sequences used are referenced in Appendix I. 
2.8  Evans Blue quantification of cell death 
To determine whether isoxaben causes seedling lethality Evans Blue stains 
were performed on A. thaliana 6 day old seedlings (Sanevas et al., 2007). Positive 
controls were obtained by using seedlings of the same age treated with either 100% 
DMSO or a saturated (6M) NaCl solution for 30 minutes before being washed with 
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sterile water. Ten individual seedlings representing one biological replicate were 
isolated and treated with 0.25% w/v Evans Blue for 10 minutes (10 biological 
replicates were used per substance to be tested) after 12 hours of chemical 
treatment. They were then washed thoroughly to remove all traces of excess dye on 
seedlings using sterile Milli-Q water. Seedlings were placed in 1ml formamide for 24 
hours. After 24 hours the formamide was removed, placed into a cuvette and 
absorption at 600nM was measured using a Lightwave II spectrophotometer 
(WPA). Mean and standard deviation were determined for the biological replicates 
of each treatment and then plotted as a bar graph using Microsoft Excel. Error bars 
presented in figure legends represent the standard deviation. A Student’s T-test was 
performed using Microsoft Excel (P<0.05). 
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Chapter 3 Isoxaben as a tool for studying 
cell wall damage 
3.1 Introduction 
3.1.1  Pharmacology of Isoxaben and DCB 
A form of CWI impairment that is extremely specific and can be easily 
implemented in planta is cellulose biosynthesis inhibition (CBI), caused by a range of 
herbicides including isoxaben (N-3[1ethyl-1-methylpropyl]-5-isoxazolyl-2,6, 
dimethoxybenzamide) and DCB (2,6-dichlorobenzonitrile) (Figure 3-1). While other 
herbicides that inhibit cellulose biosynthesis exist, such as CGA (Peng et al., 2001) 
and thaxtomin A (Scheible, 2003), we decided to use isoxaben and DCB for several 
reasons. Isoxaben treatment is extremely toxic with an I50 of 20nM in Brassica napus 
(Scheible et al., 2001) and an I50 of 10nM in Arabidopsis thaliana (Heim et al., 1990b).  
 
 
 
Figure 3-1 Chemical Structure of isoxaben and DCB 
Images obtained from Sigma Aldrich (suppliers of both cellulose biosynthesis inhibitors). 
 
 Isoxaben was demonstrated to function as a specific inhibitor of the cellulose 
synthesis through a variety of methods. Initially, isoxaben was shown to specifically 
inhibit radio-labelled glucose incorporation into an acid insoluble fraction of the cell 
wall, containing cellulose, at nano molar concentrations (Heim et al., 1990b). 
Isoxaben      DCB 
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Maximum inhibition of glucose uptake (an 80% reduction) occurred at 100nM 
isoxaben. A non-specific inhibition of glucose into the acid insoluble cell wall fraction 
was ruled out as a range of other non-cellulose synthase specific herbicides showed 
no alteration to the inclusion of radiolabelled glucose in the acid insoluble fraction of 
the cell wall. Isoxaben was also demonstrated to have no effect on the inclusion of 
radiolabelled leucine, uracil and acetate into protein, nucleic acids and fatty acids 
respectively (Heim et al., 1990a). This therefore strongly indicates that Isoxaben 
specifically inhibits glucose uptake into the acid insoluble fraction of the plant cell 
wall in A. thaliana. 
 The exact mechanistic mode of action of isoxaben is yet to be elucidated. 
However, mutant genotypes have been uncovered through a range of EMS screens 
which show resistance to isoxaben (Heim et al., 1989; Heim et al., 1990a; Heim et al., 
1990b; Scheible et al., 2001). When cloned and mapped these genes have been 
identified as CESA genes, responsible for cellulose synthase. ixr1-1 was shown to 
encode CESA3 (Scheible et al., 2001) and irx2-1 was shown to encode CESA6 
(Desprez et al., 2002). As these point mutations were mapped and shown to encode 
different CESA genes this implies that isoxaben inhibits cellulose synthesis by 
interacting with the CESA proteins directly. However, how does the plant perceive 
this stress? Recent work has linked mitochondrial signalling with innate immune 
responses and isoxaben resistance (Vellosillo et al., 2013).  9-Lipoxygenases (9-LOX) 
treatment results in fatty acid oxygenation and the formation of oxylipins that can 
activate defence responses. nonresponding to oxylipins (noxy) mutant lines are 
insensitive to 9-lipoxygenases product 9-hydroxy-10,12,15-octadecatrienoic acid (9-
HOT) application. Furthermore, 71% of the 41 noxy mutants studied showed a 
resistance to Isoxaben treatment (Vellosillo et al., 2013). Cloning revealed the NOXY2 
gene is an uncharacterised mitochondrial protein. Therefore, isoxaben treatment 
appears to be detected through a mitochondrial signalling network (Vellosillo et al., 
2013) however isoxaben action seems to occur through CESA binding, as 
demonstrated by resistance in these genes. 
 In addition to the isoxaben resistant mutant genotypes, CLSM of CESA3-YFP 
complexes allowed visualization of the effect of isoxaben on individual CESA rosettes 
moving through the plasma membrane (Paredez, 2006). After 20 minutes of 
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treatment with 100nM isoxaben, these complexes were no longer observable at the 
plasma membrane (Paredez, 2006). This rapid loss of fluorescence demonstrates 
that isoxaben results in removal of CESA complexes from the plasma membrane via a 
yet unknown mode of action thus leading to loss of cellulose biosynthesis activity. 
 Isoxaben has also been used in a variety of experiments. (Manfield et al., 
2004) demonstrated that A. thaliana suspension culture cells could be habituated to 
isoxaben by increasing the dosage over a number of cultures. Suspension cultured 
cells grown under isoxaben habituation showed abnormal cell wall compositions 
when compared to control cells. While cellulose was still present, immuno-labelling 
of cellulose showed its distribution was not located to cell walls but a diffuse mass 
(Manfield et al., 2004). Additionally xyloglucan (which is normally tightly associated 
to cellulose) also formed a diffuse mass. Pectin however was increased in the cell 
walls of habituated suspension cell cultured cells (Manfield et al., 2004). Isoxaben 
habituation was not achieved by increasing defence signals (such as JA and SA) or 
redundancy within the CESA family (Manfield et al., 2004). However, the gene 
AtCSLD5 (also known as SALT OVERLY SENSITIVE 6 - SOS6 (Zhu et al., 2010)) was 
substantially up-regulated in isoxaben habituated culture cells, compared to control. 
No lignin deposition was observed in isoxaben habituated cell walls (using 
phloroglucinol or toluidine blue), additionally no transcript increase in monolignol 
synthesis or lignin polymerization involved genes was observed (Manfield et al., 
2004). This is in direct contrast to work demonstrating lignin deposition in response 
to isoxaben treatment of non-habituated whole seedlings and induction of defence 
responses (JA and Ethylene) (Caño Delgado et al., 2003; Hamann et al., 2009). 
Therefore, habituation of cells to isoxaben demonstrates that lignin and JA induction 
are not caused un-specifically by pleiotropic effects but rather they are caused by 
the induction of CWI impairment, as habituated suspension cultured cells have no 
cell wall to detect a loss of integrity in. When cells are habituated to isoxaben 
treatment, cell wall impairment signalling would not occur and synthesis of lignin 
and JA would be reduced. 
 As well as habituation experiments, microarray analysis was performed on A. 
thaliana suspension cultured cells treated with 100nM isoxaben (Duval and 
Beaudoin, 2009). In addition 2μM thaxtomin A was also used and transcripts that 
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were up or down-regulated in both conditions were characterized, allowing 
comparison between the effects / modes of action of two different cellulose 
biosynthesis inhibitors. This study found that the cell death machinery was activated, 
with DNA laddering occurring after 12 hours of isoxaben and thaxtomin A treatment. 
This study also confirmed (Manfield et al., 2004) that no increase in defence signals 
(JA or SA) were observed at the transcriptional level in isoxaben or thaxtomin 
treated cells over 6 – 72 hours of isoxaben treatment. In addition, lignin-related 
transcriptional increases were not observed over this time period (Duval and 
Beaudoin, 2009).  
 In addition to isoxaben, DCB (2-6-Dichlorobenzonitrile) is hypothesized to be 
a specific inhibitor of cellulose biosynthesis. DCB was shown to reduce by 80 to 85% 
the incorporation of [3H]glucose into cellulose in pea (Pisum sativum) (Edelmann and 
Fry, 1992). DCB however did not affect incorporation of [3H]arabinose into 
xyloglucan (Edelmann and Fry, 1992). In addition DCB has been demonstrated to 
stop motility of CESA6-YFP complexes in the hypocotyl cells of A. thaliana, implying 
that the drug functions by inhibiting cellulose synthesis (DeBolt et al., 2007). ixr1-1 
and ixr2-1 seedlings show the same phenotypes as wild-type seedlings when treated 
with DCB, therefore demonstrating that DCB and isoxaben function differently in 
their inhibition of cellulose synthesis despite both affecting localisation of CESA 
complexes (DeBolt et al., 2007). Microtubule formation and the actin cytoskeleton 
are un-affected by DCB treatment (DeBolt et al., 2007). More recently a microtubule 
associated protein from hybrid aspen, PttMAP20 involved in secondary cell wall 
formation was shown to be a target of DCB (Rajangam et al., 2008). DCB binds 
specifically to PttMAP20 and microtubules have been shown previously as ‘guides’ 
directing the direction of CESA movement through the membrane and therefore 
micro fibril arrangement (Paredez, 2006). DCB could inhibit cellulose synthesis by 
disrupting communication between the CESA complexes and microtubules. 
Therefore, resulting in loss of cellulose synthesis.  In hybrid aspen (Populus tremula x 
tremuloides), PttMAP20 is highly expressed during secondary cell wall deposition 
(Rajangam et al., 2008). It has not been determined if DCB targets the direct 
homologue in A. thaliana or whether DCB targets homologues of PttMAP20, which 
are also involved in primary cell wall synthesis.  
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 In addition to specific CBI with isoxaben and DCB, another way to initiate CWI 
signalling would be to cause mechanical damage to the plant cell wall. While 
multiple methods exist for causing mechanical damage to the cell wall, digesting 
cellulose in liquid culture seems like the most appropriate way as it can be easily 
reproduced using commercially available enzymes. Treatment with cellulase (Rentel 
et al., 2004) or Driselase (Blowers et al., 1988; Ishii and Tobita, 1993; Franke et al., 
2002) would digest the plant cell wall and result in mechanical damage. Cellulase 
treatment has been shown to induce the promoter of the kinase OXI1 that is a key 
element of the signal transduction pathway for ROS (Rentel et al., 2004). However, 
cellulose and Driselase treatments are extracted enzymes from bacteria (Cellulase) 
and Fungi (Driselase). It is possible that the extracted material contains elicitors for 
plant defence responses and therefore that un-specific side effects are induced. 
 Isoxaben and DCB are specific inhibitors of cellulose biosynthesis as 
mentioned above. Although their precise mechanistic modes of action are not 
known, enough evidence is available to demonstrate that both specifically inhibit 
cellulose biosynthesis in different manners, making them both useful tools to 
investigate CWI impairment. In addition cellulase and Driselase can be used as tools 
to cause mechanical damage of the cell wall. Therefore both Isoxaben and DCB are 
highly specific inhibitors of cellulose biosynthesis in elongating tissue, as this is the 
tissue in which cellulose is being actively deposited. Both cellulase and Driselase will 
un-specifically digest cell wall throughout the seedling. 
3.1.2 Osmotic support and its role in CWI maintenance 
The plant cell wall provides structural support and determines the ultimate 
shape of plant cells by defining where cellular expansion occurs, whether in root 
elongation cells, pavement cells of the cotyledon or tip growing cells (such as root 
hairs or pollen tubes)(Feraru et al., 2011; Rounds and Bezanilla, 2012). However, the 
cell wall controls growth by restricting expansion, driven by the extremely high 
turgor pressure generated from the vacuole, which is up to 2MPa (Cosgrove, 2005). 
Ultimately, turgor pressure is a constant in plant cells and its perturbation could act 
as a signalling element, as in yeast (Levin, 2011). 
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Further evidence that turgor pressure plays a key role in plant development 
comes from work on potato (Solanum tuberosum) tuber disks. Mannitol (300mM) 
was found to be the optimum osmoticum (and therefore optimum turgor pressure) 
to allow conversion of 50mM sucrose to starch (Oparka and Wright, 1988a). 
Reducing or increasing the concentration of mannitol (and therefore reducing and 
increasing the turgor pressure) resulted in decreases in conversion of sucrose to 
starch (Oparka and Wright, 1988b). Similar effects have been observed in sugar beet 
and tomato (Oparka and Wright, 1988b). In addition, turgor pressure has been 
shown to have a role, not just in the uptake of sucrose and starch synthesis but also 
in the partitioning of storage within storage cells (Oparka and Wright, 1988a). 
Therefore, as well as driving cell shape, turgor pressure also has an integral role in 
regulating carbohydrate metabolism (Oparka and Wright, 1988b). How turgor 
pressure changes are mechanistically detected, signals relayed and responses 
initiated, such that affect carbohydrate metabolism in these systems are not 
understood. However, recent work in A. thaliana sheds light on this. 
Salinity is a major threat to the productivity of crops in the world. Recent 
research aimed at dissecting the mode of action of salt stress signalling has identified 
a gene family with 5 members, the SALT OVERLY SENSITIVE (SOS) genes. Loss of 
function alleles in these genes show hypersensitivity to NaCl treatment (Zhu et al., 
2010). Recently an additional family member was uncovered in a forward genetics 
screen (SOS6). sos6-1 seedlings show hypersensitivity to NaCl and KCl, as measured 
by reduced seedling growth on plates supplemented with each salt (Zhu et al., 2010). 
However, sos6-1 accumulated the same amount of Na+ or K+ in control and stress 
responses. Therefore the reduction in growth during salt stress is not due to 
disrupted Na+ homeostasis or impaired K+ acquisition (Zhu et al., 2010). Mannitol 
and Polyethylene glycol (PEG) addition were also shown to severely inhibit growth of 
sos6-1 seedlings on plates, further supporting the notion that sos6-1 might have a 
role in osmotic stress perception or signalling (Zhu et al., 2010). Hyperosmotic stress 
does not affect levels of soluble sugars (osmolytes) in sos6-1 seedlings compared to 
wild-type controls. However, sos6-1 seedlings undergoing NaCl or mannitol 
treatment (osmotic stress) show increased levels of superoxide and H2O2 compared 
to wild-type seedlings whereas under non-stressed conditions the level of ROS 
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present was similar to wild-type(Zhu et al., 2010). These observations imply that 
SOS6 is required for ROS signalling during osmotic stress. sos6-1 was characterized 
and shown to encode the cellulose synthase like protein CSLD5. CSLD5 shows high 
similarity to the CESA proteins although its function is unknown (Zhu et al., 2010). 
CSLD5 was also up-regulated in suspension cultured cells which were habituated to 
isoxaben (Manfield et al., 2004). In light of the classification of CSLD5 as a 
component of the plants response to osmotic stress, as demonstrated during salt 
stress experiments, this explains the previously described up-regulation in 
suspension cultured cells that would be undergoing osmotic stress upon isoxaben 
treatment (Manfield et al., 2004; Zhu et al., 2010). The fact that sos6-1 are hyper 
sensitive to osmotic stress and the protein was shown to be a cellulose synthase like 
protein raises the possibility that osmotic perception and signalling is intimately 
linked to the cell wall, through a direct association with cellulose synthesis. 
Although little is known about osmo-sensing and signalling in plants, yeast 
have a well characterised osmo-sensor, SLN1 (Figure 1-2), which functions via YPD1 
to regulate expression of response genes (Lu et al., 2003; Levin, 2005; Levin, 2011). 
These osmo –sensors signal during hyperosmotic stress, nystatin  treatment or 
removal of the cell wall, activating the MAPK HOG1, resulting in transcriptional 
changes that compensate for the stresses listed above (Levin, 2011). Osmo-sensing, 
signalling and transcriptional feedback play an integral role in yeast CWI, therefore, it 
is probable that a similar signalling mechanism plays a role in plant CWI sensing, 
signalling and feedback.  
Osmolarity and osmo-sensing have a role in CWI signalling in A. thaliana, 
(Hamann et al., 2004), provision of osmotic support (sorbitol) abolished the lignin 
deposition phenotype of isoxaben addition in a concentration dependent manner. 
This implies that A. thaliana lignin deposition is sensitive to the osmotic environment 
of the cells that have undergone CWI impairment (Hamann et al., 2009). 
The plant cytokinin receptor CYTOKININ RECEPTOR 1 (CRE1) is able to 
complement and resuce a yeast strain deficient in sln1 in the presence of cytokinin 
(Reiser, 2003).  SLN1 is the yeast receptor like kinase involved in osmo-sensing 
(chapter 1). Although cytokinin was required for rescue of the osmo-sensing 
phenotype this implies that CRE1 is an osmo-sensor in plants. To expand on this 
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concept, CRE1 has recently been shown, along with RBOHD/F and MCA1 to have a 
role in osmo-signalling during osmotic stress (induced by isoxaben treatment) 
(Wormit et al., 2012). MCA1 restores the loss of function mid1/cch1 stretch activated 
calcium channel in yeast (Levin, 2011). The available evidence links turgor-sensing 
via RBOHDF, MCA1 & CRE1 to modification of carbohydrate metabolism via 
transcriptional regulation of genes involved in starch degradation and 
photosynthesis (Wormit et al., 2012).  Linking regulation of carbohydrate 
metabolism to changes in turgor-pressure levels in seedlings suggests that turgor-
pressure sensing could be an integral signalling pathway during development, that 
additionally coordinates metabolism with CWI monitoring and biotic / abiotic stress 
perception (Hamann, 2012; Wormit et al., 2012). 
3.1.3 Aims and strategy 
The research aims for this chapter are: 
 Determine the phenotypes of CWI impairment as induced by a 
variety of different methods 
 Determine whether isoxaben treatment results in cell death after 12 
hours. 
 Investigate the role of turgor pressure during CWI maintenance 
signalling by supplementing media with a range of osmotic support 
during CWI impairment 
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3.2 Materials & Methods 
3.2.1  Chemical inhibition of CWI with DCB and induction 
of cell wall damage with Cellulase and Driselase  
DCB (2-6 Dichlorobenzonitril 97%) was dissolved in DMSO and used at a 
final concentration of 5μM. Cellulase was dissolved in the Growth Media (GM) at a 
final concentration of 25μg/mL. Driselase was dissolved in the GM at a final 
concentration of 0.05%. Cellulase and Driselase were dissolved in GM and then 
filter sterilized before addition to sterile GM and A. thaliana seedlings. 
3.2.2  Osmotic support conditions 
Osmotic support was provided using different osmotica at the following 
concentrations; PEG 8000 (2.5, 5 & 10%); sorbitol (300mM, 450mM) and mannitol 
(300mM, 450mM). PEG, sorbitol and mannitol were added to the growth media after 
pH correction and before autoclaving.  
3.2.3  Quantification of isoxaben absorbed into tissue 
during osmotic support 
Samples for isoxaben quantification were extracted and quantified as 
described for JA/SA/ABA quantification (see general methods). Multiple reaction 
monitoring (MRM) was then used for identification of the following mass transitions; 
333.1>165, 333.1>149, 333.1>135, 333.1>122, 333.1>107 and 333.1>77. 
Isoxaben standards were produced by serially diluting a 600μM isoxaben treated Col-
0 sample to 60nM, 6nM and 600pM. The average value for each isoxaben 
concentration was then plotted on a scatter graph and linear regression used to 
determine the isoxaben quantity in each of the osmotically supported tissue sample 
(shown in Appendix 1). Four replicates were used for each osmotically supported 
tissue sample and the average isoxaben quantity along with the standard deviation 
was determined from these. Three experimental replicates were performed. 
Statistical analysis (Student’s T-test, P≤0.05) was performed comparing each 
osmotically supported tissue samples to the Col-0 isoxaben control. Data analysis 
was performed with Microsoft Excel.  
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3.2.4  Cell viability visualization with propidium iodide (PI) 
and WAVE131-YFP 
 Six-day-old seedlings grown on plates were incubated in liquid growth 
media (2.1g/L MS, 0.546g/L MES, 1% sucrose) supplemented with Isoxaben or a 
mock control. The plasma membrane marker line WAVE131-YFP was obtained from 
Niko Geldner (Lausanne). At the desired time point individual seedlings were 
incubated in 100μg/mL propidium iodide (PI) dissolved in liquid growth media for 10 
minutes. Seedlings were imaged at time points 0, 4, 8 & 12 hours. In addition to the 
isoxaben and mock controls a positive control for each time point was produced. 
Seedlings were incubated with isoxaben for the desired period, a negative control of 
2.5% NaCl treatment for 5 minutes before PI staining was also performed. Seedlings 
were mounted on modified slides. In order to reduce mechanical pressure to the 
seedling, a channel was formed on microscope slides by gluing two 22X22mM 
coverslips onto the slide, producing a channel which could be flooded with GM. 
Confocal laser scanning microscopy (CLSM) was performed using a Leica DM IRE2 
microscope system coupled with a Leica TCS SP2 SE. PI was excited with the 514nm 
laser and emission between 610-650nm was detected. Simultaneously WAVE131-
YFP was excited with the 514nm laser and emission was detected between 520-
540nm.  Data was processed with image-J and images were compiled in Microsoft 
PowerPoint.  
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3.3 Results 
3.3.1 Phenotypes of CWI impairment using isxoaben, DCB, 
Cellulase and Driselase  
 
Isoxaben treatment has previously been shown to result in lignin deposition 
in the elongation zone of the root (Hamann et al., 2009). The elongation zone of the 
root provides a good tissue in which to study CWI, since it is located at a defined 
position and is undergoing cell wall relaxation, cellular expansion and deposition of 
new cell wall (Dolan et al., 1993). In order to determine if lignin deposition in the 
elongation zone is specific for isoxaben induced CWI impairment or of a global CWI 
maintenance mechanism, DCB, cellulase and Driselase were used to inhibit cellulose 
biosynthesis (isoxaben & DCB) or to cause general, constant cell wall damage 
(cellulase & DCB). These treatments were used as they all result in CWI impairment 
via different means. 
 
Figure 3-2 Lignin deposition after Isoxaben, DCB, Cellulase and Driselase induced CWI impairment in 
6 day old A. thaliana seedlings. 
3 biological repeat experiments performed, N=20 for each biological repeat. Images presented were 
randomly selected from imaged seedlings. White box indicates lignin staining in the vasculature. Scale 
bar 100μM. 
 
Figure 3-2 shows lignin deposition in isoxaben (600nM), DCB (5μM), cellulase 
(25u/mL) and Driselase treated seedlings after 12 hours. Lignin deposition was 
detected by phloroglucinol staining which results in red staining of aldehyde groups 
commonly found in polymerized lignin in the plant cell wall (Hamann et al., 2009). 
Mock conditions showed no lignin deposition in the elongation zone (shown) or 
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throughout any part of the seedling (Figure 3-2). After 12 hours of Isoxaben and DCB 
treatment, lignin deposition occurs in the elongation zone of the primary root. This 
lignin deposition exhibited a similar spatial pattern for both isoxaben and DCB 
treatment. However, in DCB-treated roots the area of staining increased in the 
elongation zone (Figure 3-2). Cellulase and Driselase also resulted in lignin deposition. 
However, this lignin deposition was not solely confided to elongating tissue (such as 
the elongation zone of the root, hypocotyl or vasculature of the cotyledons) and 
could be visualized in patches throughout the vasculature of the root, as highlighted 
(Figure 3-2).  This data indicates that CWI impairment, whether induced by CBI 
(Isoxaben and DCB) or CWD (Cellulase and Driselase) results in lignin deposition in 
the seedling after 12 hours of treatment.  
 
 
Figure 3-3 JA induction in 6 day old A. thaliana seedlings treated with Isoxaben, DCB, Cellulase and 
Driselase. 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± the standard deviation. Three experimental repeats performed, 
representative data from a single experimental repeat presented. A Student’s T-test was performed 
indicating significance between the desired treatment and mock (no treatment control (P≤0.05). 
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In order to quantify the effect of isoxaben, DCB, cellulase and Driselase on 
CWI, JA was used as an indicator as they have been shown previously to be 
accumulated during isoxaben treatment (Hamann et al., 2009). JA levels were 
determined after 7 hours of treatment with the different reagents (Figure 3-3). The 7 
hour time point was chosen as this is the first time that lignin can be observed 
reliably after isoxaben treatment (Thorsten Hamann, personal communication). As 
the figure shows, all treatments result in the statistically significant induction of JA to 
a different extent. Isoxaben, DCB, cellulase and Driselase all result in an induction of 
between 550 and 800 ng JA /g freeze dried tissue. This data therefore demonstrates 
that CWI impairment, whether caused by CBI (isoxaben, DCB) or CWD (cellulase, 
Driselase) induces JA throughout the seedling. 
 
Figure 3-4 SA induction in 6 day old A. thaliana seedlings treated with Isoxaben, DCB, Cellulase and 
Driselase. 
SA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± the standard deviation. Three experimental repeats performed, 
representative data from a single experimental repeat presented. A Student’s T-test was performed 
indicating significance between the desired treatment and mock (no treatment control (P≤0.05). 
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SA levels were determined in the same samples, allowing direct comparisons 
between both phytohormones in the same tissue after the same treatments (figure 
3-3). SA levels increased regardless whether CWI impairment was caused by CBI 
(isoxaben, DCB) or CWD (Cellulase, Driselase) (Figure 3-4). All treatments resulted in 
statistically significant increases in SA levels of between ~600 – 1200ng SA /g freeze 
dried tissue relative to control samples (determined by Student’s T-test, P≤0.05).  
The data presented here demonstrates that lignin deposition and JA / SA 
production are induced by CWI impairment. The data indicates that CWI impairment 
whether induced by CBI (Isoxaben, DCB) or CWD (Driselase, Cellulase) results in 
similar levels of lignin deposition and JA / SA induction (Figure 3-2, Figure 3-3 & 
Figure 3-4) regardless of the agent used. The cellulose biosynthesis inhibitors 
specifically induce lignin deposition in tissue undergoing elongation, the non-specific 
cell wall degrading agents (cellulase and Driselase) produce lignin deposition 
sporadically throughout the seedling. In addition, both specific and non-specific 
agents cause JA & SA induction to similar levels throughout the tissue. Therefore, the 
CWI sensing, signalling and maintenance system is present and function throughout 
the seedling in elongating tissue (shown by isoxaben and DCB) and in non-elongating 
tissue (shown by cellulase and Driselase).  
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3.3.2 Does Isoxaben induced CWI impairment kill cells over 12 
hours? 
 
Figure 3-5 Evans blue quantification of cell death in 6 day old A. thaliana seedlings during isoxaben 
induced CWI impairment.  
Evans blue staining of isoxaben was used to determine cell death. 100% DMSO and 6.15M NaCl were 
used as positive ‘dead’ controls. Plain bar indicates 600nM isoxaben and mock seedlings, hashed dead 
seedling controls. Value represents the average of 20 measurements. 3 biological repeats were 
performed. Error bars denote standard deviation. * indicates significant difference compared to Col-0 
mock treatment as determined by Student’s T-test (P≤0.05) 
 
While isoxaben is a good tool to study CWI impairment it is also a herbicide 
(Scheible et al., 2001). In order to further confirm it as a suitable method for 
studying the mechanism regulating the response to CWI impairment, the degree of 
cell death in seedlings during the timeframe in which experiments were performed 
(12 hours) was determined using different methods. 
Evans Blue is a stain that is used for detecting cell death. It functions by 
passing through damaged membranes and staining the inside of cells. It can be 
visualized using a microscope (as a blue precipitate) or spectrometry (absorption at 
600nm) (Sanevas et al., 2007). The method developed by (Sanevas et al., 2007) was 
adapted for work with Arabidopsis seedlings and the level of Evans Blue deposition 
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in tissues after different chemical treatments was determined 
spectrophotometrically. Figure 3-5 shows that the level of Evans Blue absorption at 
600nm in isoxaben treated tissue is not statistically different than the control mock 
treated. However, in the two positive controls (100% DMSO & 6.15M NaCl 
treatments) the level of Evans Blue absorption is significantly increased (when 
compared to mock treated tissue, as determined by Student’s T-test (P≤0.05). This 
demonstrates that isoxaben induced CWI impairment after 12 hours does not result 
in a global increase in cell death throughout the seedling (Figure 3-5), as determined 
by Evans Blue quantification across the entire seedling. 
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Figure 3-6 Plasma membrane permeability in the root elongation zones of 6 day old A. thaliana 
seedlings undergoing during Isoxaben treatment. 
Seedlings imaged using CLSM with PI (100μg/mL) and WAVE131-YFP plasma membrane 
marker. 0, 4, 8 and 12 hour Isoxaben and mock treatments PI and WAVE131-YFP channel overlay 
shown (images above the red line). Images are composed of a merge of PI and YFP channels. Positive 
control (2.5% NaCl treatment) with WAVE131-YFP and PI channels separated also shown (below red 
bar). Scale bar denotes 100μM 
0?H?
4H
?Isoxaben?
4H
?M
ock?
8H
?Isoxaben?
8H
?M
ock?
12H
?Isoxaben?
12H
?M
ock?
2.5%
?N
aCl?
2.5%
?N
aCl?
Wave131?channel? PI?channel?
 64 
It is possible that elongating cells in the root are staining with Evans Blue and 
the signal is masked in comparison to the negative staining observed throughout the 
rest of the seedling. In order to further test whether isoxaben induced CWI 
impairment results in cell death in the elongation zone of the root, CLSM was 
performed using the cell viability dye propidium iodide (PI) that binds to pectin in the 
cell walls of intact cells (Truernit and Haseloff, 2008) and the plasma membrane 
marker line WAVE131-YFP (Geldner et al., 2009). PI indicates cell death by diffusing 
into cells if the plasma membrane is damaged. This method is more sensitive than 
the Evans Blue staining as the combination of PM marker and dye will allow us to 
visualize live cells in the elongation zone with single cell resolution. As well as loss of 
PM permeability (determined by PI staining) the use of the WAVE131-YFP allows 
detailed observation of the distended cells in the elongation zone (Scheible et al., 
2001; Hamann et al., 2009) 
Seedlings were observed at 0, 4, 8 & 12 hours post CWI impairment and 
mock control (figure 3-6). In addition a positive control (6.15M NaCl) is included. 
Initially 10μg/mL PI was used. However, this resulted in low fluorescence when 
combined with normal GM. Therefore the concentration was increased to 100μg/mL 
to allow the PI to out-compete Ca2+ ions present in the growth medium that also 
bind to pectin (Rounds et al., 2011). The positive control shows complete PI staining 
throughout all cells of the root. Additionally, loss of WAVE131-YFP fluorescence 
indicates that the plasma membrane has been abolished (Figure 3-6). The mock 
controls show staining of cell walls in the elongation zone that occurs normally 
during un-interrupted seedling development. PI stains the cell wall and WAVE131-
YFP PM fluorescence can be observed, clearly outlining all of the cells throughout the 
mock control elongation zones. 
In the CWI impaired seedlings, after 4 hours cellular morphology is clearly 
disrupted this becomes more pronounced after 8 hours. Epidermal cells in the 
elongation zone are bulging and distended, as outlined by PI and WAVE131-YFP. By 
12 hours disruption of cellular morphology is enhanced and distended cells are 
clearly visible throughout the elongation zone of the root. However, the majority of 
cells show no intracellular staining (nucleus or cytoplasm) (indicative of PM-integrity 
loss) or loss of WAVE131-YFP fluorescence, suggesting the membrane is still intact 
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after 12 hours of Isoxaben treatment. Intriguingly, the staining of the cell wall (via PI) 
appears thicker / more intense in the roots treated for 12 hours with isoxaben than 
in the 12 hour mock control. This could be indicative of a thickening of the cell wall in 
response to CWI impairment (Figure 3-6). 
To summarise, whole seedling Evans blue staining and PI / WAVE131-YFP 
imaging in the root elongation zone demonstrate that no wide-scale cell death 
occurs after 12 hours of Isoxaben treatment. 
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3.3.3  Does osmotic support alleviate the phenotypes of 
Isoxaben induced CWI impairment? 
 
Figure 3-7 Root Growth Inhibition (RGI) in 6 day old A. thaliana seedlings after dual CWI impairment 
and osmotic support. 
RGI after isoxaben treatment with PEG (2.5, 5 & 10%); Sorbitol (300mM and 450mM) and Mannitol 
(300mM and 450mM). 0 and 24 hour RGI shown. N=20 for one experiment. Three biological replicates 
performed. Values represent average root length, error bars represent standard error. * Indicates 
significance between 0 and 24 hours in each condition as determined by Student’s T-test (P≤0.05). 
 
Osmotic support (with mannitol or sorbitol) had previously been shown to 
reduce lignin deposition and affect isoxaben induced JA production (Hamann et al., 
2009). In order to determine whether osmotic support (alteration of turgor pressure) 
affects CWI maintenance and CWI impairment responses, isoxaben treatment was 
combined with the following other treatments: PEG (2.5, 5 & 10%); sorbitol (300mM, 
450mM) and mannitol (300mM, 450mM). PEG was used as it is regularly used in 
protoplast transformation and is a method of providing osmotic support without 
using a metabolisable sugar (such as sorbitol and mannitol) (Wormit et al., 2012; 
Kumar et al., 2013). Sorbitol and mannitol were used as controls since they 
represent standard reagents for manipulation of turgor levels.  
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An isoxaben induced RGI assay was performed with the osmotic conditions 
described above (Figure 3-7). PEG 5% alleviates isoxaben induced Root Growth 
Inhibition (RGI) and the seedling is still elongating after isoxaben treatment. No 
other conditions resulted in a suppression of isoxaben induced RGI. Interestingly 
450mM mannitol and sorbitol resulted in RGI in mock treatment (Appendix I), 
therefore demonstrating that the osmolarity of the growth environment is an 
important determinant for seedling growth. 
 
 
Figure 3-8 Lignin deposition in the elongation zone of A. thaliana 6 day old root tips during dual CWI 
impairment and osmotic support 
Lignin deposition after 12 hour Isoxaben (top row) and mock (bottom row) treatment with PEG (2.5, 5 
& 10%); Sorbitol (300mM and 450mM) and Mannitol (300mM and 450mM). White boxes indicate 
areas of light lignin deposition. N=20 for one experiment. 3 biological repeats performed. Scale bar 
denotes 100μM. 
 
To follow on from the RGI assay, lignin deposition was characterized in the 
elongation zone of seedlings, which have been treated with isoxaben and osmotic 
support. Figure 3-8 shows that the lignin deposition in the elongation zone is 
partially reduced when 2.5% PEG is used in conjunction with isoxaben. However, 5 & 
10% PEG do not result in a visible change in lignin deposition. Additionally 300mM & 
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450mM sorbitol and mannitol reduce the amount of lignin deposited during CWI 
impairment as described previously (Hamann et al., 2009). However, lignin 
deposition still occurs (albeit at a lower level). Interestingly 300 & 450mM Sorbitol 
and mannitol treatment result in lignin deposition in the mock control, throughout 
the vasculature of the root. This data therefore indicates that osmotic support does 
affect lignin deposition during CWI impairment. 
 
Growth media composition Calculated Osmotic Pressure (π) 
Standard Growth Media 1.53 Pa 
Standard Growth Media + 2.5% PEG 1.59 Pa 
Standard Growth Media + 5% PEG 1.65 Pa 
Standard Growth Media + 10% PEG 1.84 Pa 
Standard Growth Media + 350mM Sorbitol 9.98 Pa 
Standard Growth Media + 450mM Sorbitol 12.39 Pa 
Standard Growth Media + 350mM Mannitol 9.98 Pa 
Standard Growth Media + 450mM Mannitol 12.39 Pa 
Figure 3-9 Osmotic pressure of media supplemented with different osmolytes 
The osmotic pressure of the growth media supplemented with osmolytes was calculated using the 
equation π=MRT, M being the molarity of the solution, R the ideal gas constant and T the 
temperature in Kelvin. 
 
As Figure 3-9 demonstrates, the osmotic potential of media supplemented 
with 350 & 450mM of sorbitol and mannitol is significantly increased compared to 
that observed for 2.5, 5 & 10 % PEG. This substantial increase in osmotic pressure 
could result in seedling stress that could explain the lignin deposition observed in 
mock treated seedlings with 300mM & 450mM Sorbitol and Mannitol (Figure 3-8).  
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Figure 3-10 JA induction in 6 day old A. thaliana seedlings during dual isoxaben and Osmotic 
support 
JA induction after 7 hours isoxaben treatment with PEG (2.5, 5 & 10%); sorbitol (300mM and 450mM) 
and mannitol (300mM and 450mM). Values show average of four technical repeats. Error bars show 
standard deviation between technical replicates. Three biological repeats performed. * denotes 
significance of treatment compared to mock  isoxaben control, determined by Student’s T-test 
(P≤0.05). 
 
As well as lignin deposition JA levels were determined during dual Isoxaben 
and osmotic support treatments. As the Figure 3-10 shows, osmotic support, 
regardless of the substance or concentration used, reduced levels of JA induction 
after CWI impairment. JA induction still occurred, albeit at significantly reduced 
levels during dual Isoxaben and PEG treatments. However, JA induction was 
abolished during dual isoxaben and Sorbitol or dual isoxaben and mannitol 
treatment.  
To conclude, osmotic support whether by PEG, sorbitol or mannitol reduces 
JA induction compared to wild-type (Figure 3-10), implying that the turgor pressure 
levels in seedlings are important for JA induction by CWI impairment. 
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Figure 3-11 SA induction in 6 day old A. thaliana seedlings during dual isoxaben and Osmotic 
support 
SA induction after 7 hours isoxaben treatment with PEG (2.5, 5 & 10%); sorbitol (300mM and 450mM) 
and mannitol (300mM and 450mM). Values show average of four technical repeats. Error bars show 
standard deviation between technical replicates. Three biological repeats performed. * denotes 
significance of treatment compared to mock  isoxaben control, determined by Student’s T-test 
(P≤0.05). 
 
As well as JA, the SA levels were determined in seedlings that had been 
treated with isoxaben and osmotic support (Error! Reference source not found.). 2.5 
& 5% PEG did not affect SA levels during CWI impairment. Both 2.5% and 5% PEG 
treatments did not result in statistically significant differences when compared to 
Col-0 isoxaben control (Error! Reference source not found.). However, 10% PEG 
resulted in a statistically significant decrease in SA levels upon CWI impairment. Both 
sorbitol and mannitol, at all concentrations tested, resulted in suppression of SA 
induction by CWI impairment. These SA induction levels were reduced by a 
statistically significant level from the SA observed in isoxaben-treated seedlings 
without osmotic support. 
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Figure 3-12 Isoxaben quantification in 6 day old A. thaliana seedlings during dual 600nM isoxaben 
and osmotic support treatments. 
Isoxaben quantity in tissue was determined by LC-MS/MS. A matrix of serially diluted 600nM isoxaben 
samples was quantified. Linear regression was performed and the level of isoxaben in tissue that 
underwent osmotic support was determined. Values comprise of the average of four technical 
repeats. Error bars denote standard deviation between technical replicates. * denotes significance of 
sample compared to mock control as determined by students T-test (P≤0.05). 
 
PEG, Sorbitol and Mannitol have been previously used as methods of 
providing osmotic support in media for seedlings which are undergoing CWI 
impairment (Hamann et al., 2004; Wormit et al., 2012). However, PEG is a 
plasmolyser and the increased osmotic conditions of sorbitol and mannitol 
treatment might have meant that the changes in phenotypes observed (compared to 
Col-0) could be due isoxaben being un-able to enter the plant tissue.  In order to 
verify that the phenotypes observed during dual Isoxaben and osmotic support 
experiments for RGI (Figure 3-7), lignin deposition (Figure 3-8), JA induction (Figure 
3-10) and SA induction (Error! Reference source not found.) were due to osmotic 
support and not due to a pleiotropic loss of isoxaben in the tissue, quantification of 
isoxaben was performed using LC-MS/MS. 
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Figure 3-12 shows the level of isoxaben present in seedlings after 7 hours of 
treatments with isoxaben and / or osmotica. PEG limits the uptake of isoxaben in a 
dose dependent manner. The lowest level of isoxaben in the tissue was observed 
with 10% PEG at ~100nM Isoxaben. However, 100nM isoxaben is still significantly 
above the concentration necessary to cause inhibition of root elongation and is used 
routinely in other publications (Scheible, 2003; Tsang et al., 2011). Furthermore dual 
5% PEG and isoxaben treatment resulted in ~300nM being present in the tissue. 
While roughly half of the level of isoxaben is absorbed into the tissue compared to 
the control, this is still well above the leaves observed to cause inhibition of root 
growth. However the 5% PEG & isoxaben RGI assay showed that roots were still 
elongating. Therefore the isoxaben induced RGI had been alleviated at a 
concentration that, albeit reduced when compared to control, still results in 
inhibition of root elongation. All tested concentrations of Sorbitol and Mannitol 
reduced Isoxaben levels by roughly 300nM when compared to control tissue (Figure 
3-12). This level is still much higher than the level required for complete inhibition of 
root growth (Scheible et al., 2001) (Figure 3-10, Error! Reference source not found.).  
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3.4 Discussion 
CWI impairment induced by isoxaben treatment was compared to other 
forms of CWI impairment, whether different mode of action of cellulose biosynthesis 
inhibition (DCB) or Cell Wall Damage (CWD, caused by digestion of the cell wall using 
Cellulase and Driselase). It was also determined whether Isoxaben causes cell death 
or affects membrane organisation. The role of turgor pressure in CWI signalling was 
also investigated using a range of osmotica and lignin deposition, JA & SA induction 
and RGI were determined.  
3.4.1 Comparison of CWI impairment induced by multiple 
methods 
The suitability of using isxoaben as a tool to induce CWI impairment was 
investigated by comparing different means of inducing CWI impairment using 
different assays. Inducing CWI impairment by CBI was studied with Isoxaben and 
DCB. While both drugs perturb CESA localisation at and through the plasma 
membrane they have been shown to inhibit cellulose biosynthesis using different 
mechanisms (Paredez, 2006; DeBolt et al., 2007). Isoxaben interferes with CESA3 & 6 
localisation in the plasma membrane and DCB binds to MAPs. CWD was induced by 
enzymatic degradation of the cell wall of seedlings using Cellulase and Driselase. 
Cellulase catalyses hydrolysis of endo1,4-β-D-glycosidic linkages in cellulose (Hurst et 
al., 1977), therefore digesting cellulose. Driselase is a mixture of fungal 
carbohydrolases from Basidiomycetes sp used to digest plant cell walls (Blowers et 
al., 1988).  
All forms of CWI impairment resulted in lignin deposition and JA / SA 
induction. The location of lignin deposition in seedlings that underwent CWD was 
similar but not identical to those that were exposed to CBI. Lignin deposition in 
seedlings that underwent CWD (as a result of cellulose or Driselase treatment) 
occurred in the hypocotyl and throughout the vasculature and not just in the 
elongation zone of the root. This could be due to the mode of action of treatments. 
Isoxaben and DCB inhibit cellulose biosynthesis in actively expanding cells, lignin 
deposition is restricted to the elongation zone of the root and other expanding tissue. 
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Conversely CWD caused by cellulase or Driselase affects cell walls in the whole 
seedling, since these enzymes digest un-specifically any cell wall they come in 
contact with. Preference for CWI impairment would beexpected to be in areas of the 
plant where the cell wall is weakest and hence less enzymatic degradation of the cell 
wall caused the most profound loss in integrity.  
All forms of CWI impairment resulted in similar phenotypes, supporting the 
notion that CWI impairment is a mechanism active in different tissue types / 
developmental stages in A. thaliana and that JA / SA induction are general signalling 
tools mediating the response to CWI impairment while ectopic lignin deposition is a 
common downstream response. This validates the use of Isoxaben as a tool to study 
CWI impairment, as it results in lignin deposition in a specific area (elongating tissue). 
Isoxaben reduces cellulose production by 70% (Heim et al., 1990b). Therefore 
dual treatments with Isoxaben and a CBI that functions differently (such as DCB) 
should be performed in order to reduce cellulose synthesis by 100%. It would be 
interesting to compare the phenotypes observed from a near loss of cellulose 
synthesis (as seen here) and a complete loss of cellulose synthesis and see if / when 
cell death is induced.  
3.4.2 Analysis of cell death during isoxaben induced CWI 
impairment 
Isoxaben has been widely used as a tool to study CBI and CWI impairment 
(Caño Delgado et al., 2003; Hamann et al., 2009; Denness et al., 2011; Wormit et al., 
2012), which was originally developed as a herbicide with an IC50 of 10nM in A. 
thaliana after two weeks of growth (Heim et al., 1990b). Therefore the question 
arises whether the phenotypes described here are due to CWI impairment or cell 
death. In order to demonstrate that wide scale cell death has not occurred after 12 
hours of isoxaben treatment Evans Blue was used to quantify cell death across entire 
seedlings. Additionally, PI and the WAVE131-YFP PM marker were used to assess the 
impact of isoxaben treatment and detect dead cells in the elongation zone of the 
root. We successfully demonstrated that neither global cell death occurs after 12 
hours of treatment nor significant numbers of dead cells are detectable in the root 
elongation zone.  
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Interestingly, distended cells in the elongation zone that have undergone a 
loss of cellular morphology appear to have thicker cell walls. PI has been shown to 
bind specifically to pectin in the cell walls of plants (Rounds et al., 2011), additionally 
pectin is known to increase after CWI impairment occurs (Manfield et al., 2004). 
Therefore, the thicker cell walls appear to be made of, in part, higher pectin contents. 
In order to confirm this and study the changes in cell wall composition during CWI 
impairment, antibodies raised against different cell wall epitopes should be used 
(McCartney, 2005). These would allow differentiation between different cell wall 
constituents during CWI impairment. 
In contrast to the data presented, Isoxaben has been shown to induce cell 
death and transcriptional activation of the cell death pathway after 12 hours in 
suspension cultured cells (Duval and Beaudoin, 2009). As mentioned previously, the 
study by Duval and Beaudoin (2009) did not detect any transcriptional changes in 
phytohormone signalling after 12 hours of isoxaben treatment (Duval and Beaudoin, 
2009). Here I demonstrate that Isoxaben treatment of whole seedlings results in 
significant ectopic production of phytohormones, which is correlated with increased 
transcription of phytohormone biosynthesis (Chapter 4). The reason for the 
observed conflicts in experiments could be due to the material used, whole seedlings 
as compared to cell cultures.  
While no global cell death and loss of plasma membrane integrity was 
detectable after 12h of isoxaben treatment, it is possible that activation of the cell 
death machinery has occurred. An early step in the activation of cell death 
machinery is the induction of caspases (Bonneau et al., 2008). These have been 
shown to function in cell death across different families of plants (Bonneau et al., 
2008). In order to test if activation of the cell death machinery has occurred 
fluorescent dyes can be used in combination with CLSM to detect caspase activity 
(Bosch and Franklin-Tong, 2007). It would be prudent to test whether caspase 
activity occurs after isoxaben induced CWI impairment in order to demonstrate that 
cell death is not activated during isoxaben treatment.   
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3.4.3  Osmotic support and its role during CWI impairment 
The plant cell exists as a highly pressurised capsule, restricted by the cell wall. 
High turgor pressure is a constant condition in plant cells. Turgor pressure and osmo-
sensing have been shown to be key factors in yeast CWI sensing (Levin, 2011). It is 
possible that turgor pressure perception also has a role in plant CWI sensing and 
signalling. In order to test this, turgor pressure was manipulated using different 
osmotica during CWI impairment. Data presented here demonstrate that different 
osmotica have different effects on CWI signalling. PEG does not affect lignin 
deposition substantially, but sorbitol and mannitol do. All treatments reduce JA 
induction to different extents whereas only 10% PEG, sorbitol and mannitol 
treatments inhibit SA induction. However, 5% PEG results in continued root growth 
after isoxaben treatment. 
PEG treatment appeared to have little effect on lignin deposition. However, 
treatment with sorbitol (300mM) and mannitol (300mM) suppressed isoxaben-
induced lignin deposition. Sorbitol and mannitol treatment inhibited seedling 
elongation even in mock treatments (Appendix I), whereas 5% PEG restored root 
elongation but did not suppress lignin deposition in isoxaben treated seedling, This 
suggests that the increased growth in seedlings treated with 5% PEG is in-spite of 
perturbed cell wall formation and not because of it. This raises the possibility that 
RGI could be due to a signal, rather than a loss of structural support. 
 The different phenotypic effects of the osmotica could be due to their 
different modes of action. Mannitol and sorbitol are taken up into the apoplastic 
tissue of growing maize (Zea mays) coleoptiles, whereas (the heavy molecular weight) 
PEG is not taken up into the tissue, it just alters the osmotic potential (Carpita et al., 
1979; Hohl and Schopfer, 1991) . This is due to size restriction of pores in the cell 
wall which allows passage into the plant cell. Sorbitol and mannitol are small enough 
to allow passage into the plant cell, however PEG (with a MW of 8000) is far too 
large to pass through pores in the cell wall (Carpita et al., 1979). Therefore it is 
plausible that the sorbitol and mannitol effects observed are not due to an effect on 
turgor pressure but are due to the absorption of sorbitol and mannitol into the plant 
cell.  
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A higher concentration of sorbitol and mannitol (450mM) resulted in 
deposition of lignin throughout the vasculature of the root in isoxaben and mock 
treated seedlings. Furthermore, a lower concentration of sorbitol / mannitol 
(350mM) also resulted in lignin deposition in mock treated seedlings. Lignin 
deposition in mock treated seedlings is never normally observed at this 
developmental stage in the root. The osmotic pressure of the media in 350mM and 
450mM sorbitol / mannitol treatment was calculated to be 9.98Pa and 12.39Pa 
respectively as opposed to the much lower osmotic pressure occurring during PEG 
treatment (1.65Pa). Therefore the increased lignin deposition observed in 450mM 
sorbitol / mannitol treated seedlings could be due to the elevated osmotic pressure 
of the growth media, a Hyper-osmotic stress. In addition, sorbitol and mannitol can 
pass into the plant cell through pores in the cell wall (Carpita et al., 1979). Therefore 
any erroneous effect that sorbitol or mannitol has on seedlings would be enhanced 
in the higher concentration seedlings, possibly resulting in the enhanced lignin 
deposition observed. CWI impairment induced by isoxaben can be considered a 
hypo-osmotic stress, as is indicated by distended cells and the altered morphology of 
cells in the elongation zone of the root. However, sorbitol and mannitol are 
hyperosmotic stresses on their own. The observation that lignin deposition is 
induced by hyper-osmotic stress (sorbitol and mannitol mock treatments) 
demonstrates that a loss of CWI caused by stretching of the membrane and a loss of 
structural integrity of the cell wall can be detected and signalled downstream. 
Additionally, a hypo-osmotic stress can also be detected. This strengthens the 
paradigm that a feedback mechanism based on sensing between the cell wall and 
plasma membrane exists that regulate CWI. Hypo and Hyper osmotic stress has been 
shown to result in oxidative burst in Tobacco suspension cells (Cazalé et al., 1998). 
This burst was shown to be DPI sensitive and caused by an NADPH oxidase. 
Turgor pressure is also important for the induction of JA and SA during CWI 
impairment. JA induction was substantially reduced by all osmotica. This indicates 
that changes in turgor pressure during isoxaben induced hypo-osmotic stress are 
important for JA induction. SA signalling was only inhibited by sorbitol and mannitol 
(similar to lignin deposition). JA induction regulated by changes in turgor pressure 
has not been studied before and this is a novel phenotype. However, JA is induced 
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by necrotrophic pathogens and these pathogens destroy the cell wall (mimicking 
CWI impairment) and cause changes in turgor pressure (Veronese, 2006). Further 
work is needed to explore the connection between JA and turgor pressure. A JA 
responsive genetically encoded reporter line could be used in protoplasts and the 
osmotic pressure manipulated in order to determine if JA induction could be 
observed. Changes in the transcription of JA & SA responsive genes was not reported 
during isoxaben treatment in suspension cultured cells (Manfield et al., 2004; Duval 
and Beaudoin, 2009). This implied that JA & SA induction did not occur during 
isoxaben treatment of suspension cultured cells. However, these cells had been 
habituated to Isoxaben treatment, therefore the hypo-osmotic shock was negated 
by reinforcing the cell walls with pectin. Therefore these cells might not be 
undergoing osmotic shock. However, the data presented here demonstrates that JA 
induction occurs after CWI impairment and is sensitive to the turgor pressure inside 
the plant cell. Initally this might seem conflicting, however, suspension cultured cells 
will be in a near iso-osmotic solution. A. thaliana seedlings treated with isoxaben and 
osmotic support (therefore with a balanced turgor pressure) also show reduced JA 
induction. However, CWI impaired cells without osmotic support show increased JA 
levels. Therefore it appears that the hypo-osmotic stress which occurs during CWI 
impairment is a mediator of JA induction.  
CRE1, MCA1 and RBOHD/F have all been shown to affect turgor regulated 
control of carbohydrate metabolism (Wormit et al., 2012). It is unknown how CRE1 
functions as an osmo sensor, only that it can complement the yeast loss of function 
sln1 mutant. MCA1 is a stretch activated calcium channel (Nakagawa et al., 2007; 
Yamanaka et al., 2010). Stretch activated channels such as MCA1 and the MSL family 
of channels are putative turgor sensors as they could detect stretching of the plasma 
membrane, which should occur during a loss of CWI caused by expanding cell walls. 
The work described here implies that turgor pressure is an important 
element in CWI signalling and carbohydrate metabolism (Hamann et al., 2009; 
Wormit et al., 2012). Turgor pressure and osmo-sensing could be part of an 
overlooked signalling and response regulation network in plants, mediating a host of 
responses to development, biotic and abiotic stresses. Turgor pressure could be an 
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overlooked because it could not be separated from other stress response signalling 
networks. 
 
3.4.4 Conclusions 
 
 CWI impairment induced by different methods of CWD and CBI all 
result in similar phenotypes for lignin deposition and phytohormone 
induction. Isoxaben and DCB cause CWI impairment in elongating 
tissue. 
 CWI impairment induced by Isoxaben does not result in global cell 
death or cell death in the localised elongation zone of the root. 
 Osmotic support reduces the level of lignin deposition and JA / SA 
induction during CWI impairment. Additionally, osmotic support 
provided by 5% PEG enables continued elongation of seedling roots 
after CWI impairment. 
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Chapter 4 Characterisation of signalling 
cascades regulating the response to CWI 
impairment 
4.1 Introduction 
4.1.1 Phytohormone induction is linked to plant cell wall 
integrity 
Jasmonates (JA) are a family of cyclopentanone compounds synthesized from 
linolenic acid and are plant hormones involved in plant development processes and 
defence (Browse, 2009). JA has been demonstrated to have a key role in plant 
reproduction, with biosynthesis mutant genotypes displaying male sterility (Laudert 
and Weiler, 2002; Park et al., 2002) 
JA biosynthesis begins in the chloroplast where precursors are generated, 
biologically active JA are produced in peroxisomes of all tissues throughout the plant 
(Browse, 2009). Jasmonoyl-isoleucine (JA-Ile) is the main form of bioactive JA which 
is produced by the enzyme JAR1 (Staswick, 2002; Suza and Staswick, 2008). JA-ile can 
be rapidly induced during mechanical wounding, rising from base line levels of 
<5pmol /gFW to 1000pmol /gFW within 1 hour (Browse, 2009). Rapidly increasing 
levels of JA-ILE are produced from pools of JA and OPDA (A JA precursor) which exist 
in the cell at up to 1000pmol /gFW (Chung et al., 2008; Katsir et al., 2008; Suza and 
Staswick, 2008). coi1-1 mutant genotypes are resistant to JA application (Feys et al., 
1994). COI1 is an SCF E3 ubiquitin ligase which is a member of the F-box family of 
proteins and it has been proven to be the receptor for JA (Yan et al., 2013). F-box 
proteins are a common mode of receptor in plants and the auxin (Dharmasiri et al., 
2005; Kepinski and Leyser, 2005) and gibberellin receptors (Sasaki et al., 2003) are all 
F-box receptors. F-box hormone receptors function by binding transcription factors 
facilitated by their phytohormone and then subsequently targeting the formed 
complex for degradation by the 26s proteasome pathway (Yan et al., 2013).  JAZ 
proteins such as JAI-3 are transcription factors that repress transcription of JA 
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responsive elements (Chini et al., 2007). These transcription factors are bound by 
COI1 facilitated by JA, forming a complex which is degraded during JA signalling, 
therefore allowing transcription of JA responsive genes (Chini et al., 2007; Yan et al., 
2013). Furthermore, yeast-2-hybrid assays demonstrated that JA-ILE is the active 
form of JA which promotes binding of COI1 and JAZ1, 3 & 9, promoting their 
subsequent degradation (Thines et al., 2007; Melotto et al., 2008).  
JA is involved in the defence response against pathogens and rapid increases 
in JA have been observed during infections by necrotrophic pathogens and chewing 
insects (McConn et al., 1997). JA increases as a response to necrosis, potentially 
guarding as a repressor of runaway cell death (Browse, 2009).  
In order to identify genes involved in JA signalling a promoter::reporter 
construct was produced using the JA responsive VSP1 promoter and a luciferase 
reporter gene (Ellis et al., 2002). A forward genetic screen was performed and one of 
the mutants identified was constitutive expression of luciferase1 (cev1) (Ellis et al., 
2002). cev1 was cloned and identified as the cellulose synthase subunit CESA3. The 
mutant showed constitutive activation of both JA and ethylene signalling pathways 
(Ellis et al., 2002). This demonstrated that when cellulose synthesis was disrupted JA 
production was induced, similar to the eli1-1 & eli1-2 mutants (which are mutants 
displaying ectopic ligning deposition during development) (Cano-Delgado et al., 
2003). Abolition of JA signalling resulted in a loss of cev1 root growth inhibition, 
therefore demonstrating that JA signalling is required for cev1 phenotypes.   
Chemical inhibition of cellulose biosynthesis with isoxaben induced 
expression of JA and ethylene responsive genes (Hamann et al., 2009). JA induction 
and transcription of the biosynthetic gene AOS was increased during OGA treatment 
(Norman et al., 1999). Therefore JA appears to have a role in cell wall signalling. It 
has also been shown that jasmonic acid resistant (jar1-1) has increased lignin 
deposition when compared to Col-0 during isoxaben treatment (Hamann et al., 
2009). Further evidence that JA has a role in signalling in the plant CWI mechanism 
comes from microarray data showing that a key gene in JA biosynthesis ALLENE 
OXIDE SYNTHASE (AOS) (Park et al., 2002)  shows an increase in expression during 
Isoxaben treatment (Figure 4-1). 
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Figure 4-1 Microarray data on ALLENE OXIDE SYNTHASE (AOS) over 36 hours of Isoxaben treatment 
in 6 day old A. thaliana seedlings 
AOS as determined by microarray analysis in 6 day old A. thaliana seedlings. Time course over 36 
hours performed. Solid line indicates Isoxaben expression, hashed line mock expression. Microarray 
based gene expression analysis performed by (Hamann et al., 2009) but AOS data analysed by author. 
 
 
Salicylic acid (SA) is a plant phenolic compound bearing a hydroxyl group that 
is a phytohormone (Vlot et al., 2009). SA signalling affects seed germination, seedling 
establishment, stomata closure, senescence associated gene expression and 
responses to biotic and abiotic stress, especially disease resistance (Vlot et al., 2009). 
SA is synthesized via two pathways; the PHENYLALANINE AMMONIA 1 (PAL 1) 
pathway and the ISOCHORISMATE SYNTHASE (ICS or SID2) pathway (Wildermuth et 
al., 2001; Ferrari et al., 2003). The majority of SA induced by pathogen infection is 
produced by SID2 (Wildermuth et al., 2001). SA is then further modified into 
different forms that are suitable for storage or signalling (Vlot et al., 2009). Plants 
with a reduced capacity for SA synthesis (sid2-2) display enhanced susceptibility to 
pathogen infection and a loss of induction of pathogen response genes and systemic 
acquired resistance (SAR)(Vlot et al., 2009). However, addition of SA rescued these 
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phenotypes, demonstrating the role of SA in plant defence. The identification of the 
receptor for SA remained elusive for several years. However perception was believed 
to involve the transcription cofactor NON EXPRESSOR OF PR GENES 1 (NPR1) as 
mutant lines are insensitive to SA (Vlot et al., 2009). However, NPR1 is unable to bind 
SA  so could not be the SA receptor itself. NPR3 & 4 have recently been shown to 
bind to SA and are the elusive SA receptors (Fu et al., 2013). These proteins function 
as adaptors of the cullin 3 ubiquitin E3 ligase which upon presence of SA cause 
degradation of NPR1. A. thaliana npr3 npr4 seedlings display enhanced levels of 
NPR1 and are unable to develop SAR (Fu et al., 2013).  
SA signalling has been implicated in the response to CWI impairment since 
isoxaben induced CWI impairment caused elevated SA levels (Hamann et al., 2009). 
Additionally, inhibition of cellulose synthesis has been shown to induce transcription 
of genes involved in defence responses such as PAD4, which could be due to SA 
signalling (Ellis and Turner, 2001; Hamann et al., 2004). Furthermore the mutant 
powdery mildrew resistant 4 (pmr4) displays reduced callose deposition and is more 
resistant to pathogens (Nishimura et al., 2003). However, a double mutant for pmr4 
and npr1 restored susceptibility of pmr4-1 plants to pathogens. This therefore 
implies that a loss of callose synthesis resulted in enhanced SA levels that caused 
resistance to pathogen infection (Nishimura et al., 2003). SA signalling appears to be 
involved in CWI signalling as well. This was implied previously (Hamann et al., 2009),  
Microarray analysis of isoxaben treated seedlings shows that SID2 transcription is 
up-regulated after treatment (Figure 4-2).  
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Figure 4-2 Microarray data for SALICYLIC ACID INDUCTION DEFICIENT 2 (SID2) over 36 hours of 
Isoxaben treatment in 6 day old A. thaliana seedlings. 
SID2 expression as determined by microarray analysis. Time course over 36 hours performed. Solid 
line indicates Isoxaben expression, hashed line mock expression. Microarray performed by (Hamann 
et al., 2009) but SID2 data analysed by author. 
 
SA up-regulation has recently been demonstrated to cause the severe 
stunting of plants which are down-regulated in hydroxycinnamoyl CoA: shikimate 
hydroxycinnamoyl transferase (HCT), a key enzyme involved in lignin synthesis in A. 
thaliana and Alfalafa (Medicago sativa) (Gallego-Giraldo et al., 2011). Down-
regulation of HCT results in reduced lignin and increased saccharification of cell wall 
material. The level of SA in tissue was found to be inversely proportional to the level 
of lignin in the tissue (Gallego-Giraldo et al., 2011). sid2-2 HCT-RNAi knockout lines 
showed an increase in plant growth when compared to the single HCT-RNAi line 
(Gallego-Giraldo et al., 2011). This work implies that SA is involved as a signal of 
secondary cell wall integrity. When secondary cell wall synthesis is perturbed, SA 
results in reduced growth of plants. This is potentially a useful discovery for the 
biofuel industry and implies that manipulation of CWI signalling could benefit 
applied plant science (Gallego-Giraldo et al., 2011). 
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4.1.2 The function of ROS signalling during plant abiotic 
stress / development 
Reactive oxygen species (ROS) are a group of small molecules that are 
produced in response to external and internal cellular stimuli. The ROS signalling 
network is conserved across all aerobic organisms (Mittler et al., 2011). In plants the 
level of ROS signalling that occurs is based on a fine balance between ROS 
biosynthesis ROS scavenging (Suzuki et al., 2011). The term ROS includes the 
molecules superoxide (O2.-), Hydrogen peroxide H2O2, Hydroxyl radicals (HO
-) and 
peroxynitrite (ONOO-) (Almagro et al., 2009). Initial work on ROS in plants focused on 
their toxic effects (Mittler, 2002). However, ROS are now mainly investigated for 
their signalling properties. ROS are produced during many physiological processes 
including stress responses, cell growth, disease resistance, stomata closure and 
hormonal responses (Swanson and Gilroy, 2010; Torres, 2010; Mittler et al., 2011). 
ROS can also occur as by-products of metabolism from the mitochondria (Buetler et 
al., 2004) or from proteins such as peroxidases or NADPH oxidases that produce the 
ROS superoxide (Torres et al., 1998).  
Plasma membrane bound NADPH oxidases have been identified in plants 
RESPIRATORY BURST OXIDASE HOMOLOGUES (RBOHs) which are homologous to the 
mammalian respiratory burst oxidase (gp91phox) family (Torres et al., 1998). Six 
different genes were originally isolated from A. thaliana, which were named RBOHA-
F (A. thaliana Respiratory Burst Oxidase Homologues)(Torres et al. 1998). The 
ATRBOH proteins show 59.8-62.3% similarities to mammalian gp91phox, highlighting 
their close relationship (Torres et al. 1998). Further work has identified another 4 
NADPH oxidase homologues in A. thaliana bringing the total number of identified 
NADPH oxidase gene family members to ten (ATRBOHA-J) (Torres et al., 2005). 
Plasma membrane bound oxidases produce superoxide (O2
-), superoxide is then 
dismutated by superoxide dismutase or spontaneously to H2O2, which is a key 
signalling molecule in plants. 
The cloning and sequencing of the RBOH genes identified an E-F hand motif 
in all members of the gene family implying calcium has a role in controlling NAPDH 
oxidase activity in planta (Takeda et al., 2008). The characterisation of the NADPH 
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oxidase homologues has identified rhd2 (a mutant defective in normal root hair 
growth) as a mutation in RBOHC. When active, ATRBOHC causes a Ca2+ influx (Takeda 
et al., 2008). Subsequently, Ca2+ binds to E-F hand motifs and concurrent 
phosphorylation of RBOHC acts synergistically to control RBOHC derived ROS 
production. A positive feedback system exists between ROS and Ca2+ that maintains 
an active growth site in growing root hair cells. This system of positive feedback to 
promote ROS production has also been demonstrated for RBOHD (Ogasawara et al., 
2008). Furthermore, ROS activates calcium transporters during polar growth in 
plants (Mori, 2004). Calcium and ROS function in a positive feedback loop to induce 
and maintain signalling, with an increase in intracellular calcium activating NADPH 
oxidases, which in turn increase the calcium concentration further (Mori, 2004). 
Interestingly SUPERCENTIPEDE 1 (SCN1) has been demonstrated to spatially regulate 
the activation of RBOHC to allow growth of a single polarised root hair (Carol et al., 
2005). SCN1 has been cloned and encodes a RhoGTPase GDP dissociation inhibitor, 
AtRhoGDI1, that regulates the pattern of growth in root hairs by focusing the 
production of ATRBOHC derived ROS at growth sites (Carol et al. 2007). Therefore, 
ROPGTPases can regulate the spatial location of NADPH oxidases (Carol et al., 2005) 
During root hair growth, bursts of cell wall expansion are observed. These 
bursts are followed by Ca2+ increases, ROS increases and subsequent changes in 
extracellular pH (Takeda et al., 2008; Monshausen et al., 2009). It is thought that 
rapid cell wall expansion is perceived at the plasma membrane, Ca2+ levels are 
increased, ROS levels subsequently increase causing extracellular alkalization and 
deposition of new cell wall material (Monshausen et al., 2009). In support of this 
hypothesis, suppression of Ca2+ and ROS levels results in a loss of cellular integrity 
and cell rupturing (Monshausen et al., 2008). Therefore, Ca2+ and ROS appear to be 
important for cell wall integrity signalling, given that NADPH oxidases are localised to 
the tip of growing pollen tubes by SCN1, could they be involved in CWI signalling?  
Evidence for the involvement of NADPH oxidases during CWI impairment 
include that the NADPH oxidases rbohD displays less lignin deposition during CWI 
impairment (Hamann et al., 2009). RBOHD is the most widely expressed A. thaliana 
NADPH oxidase. In addition Figure 4-3 shows that RBOHD and RBOHF transcript 
abunance is up-regulated after CWI impairment, compared to levels in mock treated 
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plants. This has been confirmed by QRT-PCR (Denness et al., 2011). If RBOHD/F are 
transcriptionally up-regulated this suggests that they could be involved in CWI 
signalling.  
 
 
Figure 4-3 Microarray data for RESPIRATORY BURST OXIDASE HOMOLGUE D & F (RBOHD & F) and 
OXIDATIVE SIGNAL-INDUCIBLE 1 (OXI) over 36 hours of Isoxaben treatment in 6 day old A. thaliana 
seedlings. 
RBOHD & F and OXI1 expression as determined by microarray analysis. Time course over 36 hours 
performed. Solid line indicates Isoxaben expression, hashed line mock expression. Microarray 
performed by (Hamann et al., 2009) but RBOHD & F and OXI1 data analysed by author. 
 
In addition to signalling during normal plant development, ATRBOHD and 
ATRBOHF are required for the accumulation of ROS during incompatible interactions 
with the bacterial pathogen Pseudomonas syringae pv. Tomato DC3000(avrRpm1) 
(Torres et al., 2005). atrbohd/f mutant plants exhibiting reduced cell death (Torres et 
al., 2005). RBOHD & F have also been shown to be the required for the bi-phasic 
oxidative burst which occurs during incompatible pathogen infection and perception 
of PAMPs (Torres et al., 2005). Additionally, RBOHD is required for perception of 
aphid infection, highlighting the importance of RBOHs and ROS in plant development 
and stress responses (Miller et al., 2009). 
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As well as acting on the single cell level, ROS can signal from cell-to-cell and 
over larger distances. In zebrafish, H2O2 increases attract leucocytes to the site of 
wounding (Niethammer et al., 2010). Plant NADPH oxidases are restricted to the cell 
in which they signal from, however the signal they produce can be propagated from 
cell-to-cell in a ROS wave which can travel at up-to 8.4 cm min-1 (Miller et al., 2009). 
This ROS wave is induced in a specific area of the plant and then travels via the 
apoplast throughout the plant, activating systemic defence signalling. In addition to 
the apoplastic ROS wave, ROS produced in the cytosol can pass through the symplast 
via the plasmodesmata (Miller et al., 2009). In A. thaliana RBOHD is critical for the 
production of systemic ROS signal (Miller et al., 2009). 
As well as ROS signalling having important developmental and stress 
response roles, it appears that differential signalling could be occurring between 
different ROS species. In A. thaliana the transcription factor UPB1 regulates the 
balance between proliferation and differentiation in the root (Tsukagoshi et al., 
2010). UPB1 was shown to directly regulate peroxidases that control the balance 
between Superoxide and hydrogen peroxide in the root. Superoxide induces 
proliferation in the root tip and hydrogen peroxide induces cellular differentiation in 
the elongation zone. The levels of the two ROS species are kept in balance by 
peroxidases and perturbation of the ROS species patterning disturbs meristem size 
and elongation rate (Tsukagoshi et al., 2010). Furthermore, comparisons of 
transcripts up-regulated by superoxide and hydrogen peroxide indicate that 180 
transcripts (63% of the genes up-regulated by superoxide) are up-regulated by both 
ROS treatments. Interestingly, 347 transcripts are solely up-regulated by hydrogen 
peroxide while 97 transcripts are solely up-regulated by super oxide (Davletova, 
2005). Therefore, differential signalling specificity could exist between the different 
ROS species during development and stress responses. This differential signalling 
could be important for increasing complexity in the signal being sent and the 
information conveyed due to emerging properties of the different ROS species.  
As well as NADPH oxidases, Class III peroxidases (PRXs) can also produce ROS 
species. A. thaliana contains a family of 73 members of PRXs (Almagro et al., 2009), 
which are glycoproteins that are located in vacuoles and cell walls. They are involved 
in: auxin metabolism, lignin and Suberin formation, cross linking of cell wall 
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components and the apoplastic ROS burst (Almagro et al., 2009; O'Brien et al., 2012). 
While PRX transcription is induced by pathogen attack and prx mutant genotypes are 
susceptible to some pathogens (Daudi et al., 2012), there is as yet no described 
example of peroxidases having a putative role in CWI sensing or signalling, although 
their role in ROS metabolism and polymerization of lignin has been well-studied 
(Almagro et al., 2009).  
While the mode of action of ROS signalling and response mediation in 
eukaryotes is well understood, little is known about the downstream signalling 
elements that mediate translation of ROS signals into transcriptional changes. OXI1 
encodes a serine threonine kinase that is induced by a wide range of stimuli 
including cellulase treatment that ultimately elevate H2O2 levels (Rentel et al., 2004). 
oxi1-1 mutant genotypes also show a loss of root hair elongation, suggesting 
perturbed ROS signalling during development. Additionally, oxi1-1 lines display 
enhanced susceptibility to infection by Peronospora parastica and Pseudomonas 
syringae DC3000 (Rentel et al., 2004) (Petersen et al., 2009). The rice OXI1 has been 
identified and the corresponding over-expression lines result in elevated sensitivity 
to ROS treatment (Matsui et al., 2010). OsOXI1 was shown to positively regulate 
defence responses. Root growth increases observed upon Paravalsa indica infection 
are also absent in oxi1, demonstrating a role in beneficial plant-microbe interactions 
(Camehl et al., 2011). The available data implicate OXI1 in both developmental and 
stress perception-induced signalling of ROS. 
OXI1 activity is induced by 3-phosphoinositide dependent kinase 1 (PDK1), 
which is activated by phosphatidic acid (Anthony et al., 2006). MAPK3 & MAPK6 and 
the protein kinase PTI1-2 have been identified as downstream targets of OXI1 
activity (Rentel et al., 2004; Anthony et al., 2006). In addition phospho-proteomic 
analysis of potential OXI1 interacting proteins have identified 5 peptides 
differentially phosphorylated in oxi1-1 mutant genotypes (Howden et al., 2010). 
PTI1-4 is another downstream component of OXI1 signalling that is required for 
further downstream MAPK6 phosphorylation and activation of defence responses 
(Forzani et al., 2011).  Furthermore, microarray data has demonstrated that OXI1 is 
up-regulated during isoxaben treatment and therefore could play a role in cell wall 
signalling (Figure 4-3). 
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4.1.3 ROS detection and imaging techniques 
ROS can be detected using stains such as nitroblue tetrazolium (NBT) or the ROS 
probe 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA). Superoxide reduces 
NBT to a visible blue precipitate (a formazan). The blue precipitate forms at the site 
of NBTs reduction and therefore the site of superoxide production (Carol et al., 
2005). It allows spatial imaging. However, due to the nature of the staining process it 
does not provide temporal resolution and detects only superoxide.  
H2DCFDA is a molecular probe that reacts with multiple species of ROS (such 
as superoxide). It is cleaved by intracellular esterases, resulting in it being unable to 
leave the cell. Oxidation then occurs within the cell, which results in the non 
fluorescent H2DCFDA being converted into the highly fluorescent 2’,7’-
dichlorofluorescin. H2DCFDA provides high spatial and temporal resolution and 
preloading of the dye allows visualization of extremely fast signalling processes. In 
addition, a ratio-metric technique has proven to allow detection of ROS at 
subcellular levels using H2DCFDA and another reference dye (Cárdenas et al., 2008).  
Another alternative is a genetically encoded fluorescent protein for H202 
(Belousov et al., 2006). This probe (HyPer) consists of a truncated circularly 
permutated YFP inserted into the regulatory domain of the E.coli H202 sensing 
protein OxyR.  Transgenic organisms containing this probe have been demonstrated 
to allow ROS visualisation at the sub-cellular level but also at concentrations as low 
as 25M (Belousov et al., 2006). As the probe is genetically encoded no pre-
treatment of tissue is required and the dye is ratio-metric meaning that the excited 
and non excited fluorescence of the protein can be determined, therefore allowing 
quantification of ROS levels in vivo with single cell / subcellular resolution 
(dependent on the targeting of the reporter) (Belousov et al., 2006). HyPer has also 
been successfully used to describe a tissue scale gradient of H2O2 that mediates 
rapid wound detection in zebrafish (Niethammer et al., 2010). Recently HyPer has 
been demonstrated to allow subcellular localization of ROS increases in A. thaliana 
peroxisomes which occur after cytoplasmic increases in Ca2+ (Costa et al., 2010).  
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4.1.4 Nitric Oxide signalling  
As well as ROS, Nitric Oxide (NO) is a molecule found in many living 
organisms (Besson-Bard et al., 2008). NO participates in many developmental and 
physiological responses, including defence responses, programmed cell death, seed 
germination, lateral root initiation, flowering and stomatal closure (Hong et al., 
2008; Ye et al., 2012).  In plants NO generation is thought to occur via two separate 
pathways; an L-arginine dependent and a nitrite-dependent pathway (Besson-Bard 
et al., 2008). In A. thaliana two cytosolic nitrate reductases NIA1 and NIA2 have been 
identified. NIA2 represents ~90% of the total nitrate reductase activity required for 
nitrate reduction and NIA1 produces most of the NO induced by cold stress or ABA 
application (Bright et al., 2006). 
A rapid increase in cytosolic NO has been observed during plant-pathogen 
interactions using a variety of different detection methods (Vandelle and 
Delledonne, 2008). During susceptible and resistant interactions with pathogens an 
initial NO burst occurs and a second subsequent wave of NO generation occurs in 
resistant plant-pathogen interactions that is not present in susceptible plant-
pathogen interactions. Therefore a NO bi-phasic signalling system also appears to 
exist (Floryszak-Wieczorek et al., 2007). Additionally, adjacent and un-inoculated 
leaves of tomato plants undergoing Oidium neolycopersici infection produced NO, 
therefore demonstrating a systemic induction of NO in non-stressed tissue 
(Piterkova et al., 2009). The signal could be relayed through production of apoplastic 
NO signals, which has been previously demonstrated (Bethke, 2004). Furthermore, 
nia1 nia2 plants displayed enhanced susceptibility and a complete loss of 
hypersensitive response to Pseudomonas syringue (Modolo et al., 2006; Oliveira et 
al., 2009). NO transduces its signal through a range of different nitrosylation events; 
metal nitrosylation, S-Nitrosylation and N-nitrosylation (Besson-Bard et al., 2008). 
Nitric oxide induces cysteine thioles (termed S-nitrosothiols) modifications of 
proteins which alter the activity of RBOHD and enhance or reduce the hypersensitive 
response in plants (Yun et al., 2012). Therefore, NO regulates NADPH oxidases and 
cell death during immunity. 
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In addition to NO increases during plant-pathogen interactions, NO also has a 
role in OGA signalling (Rasul et al., 2012). OGA treatment induced a fast and long 
acting NO signal that was shown to be Ca2+ dependent. In addition, NO was shown to 
mediate the H2O2 oxidative burst which occurs upon OGA treatment (Rasul et al., 
2012). Furthermore, NO induction was detected during mechanical stress (induced 
by centrifugation) of A. thaliana leaves (Garcês, 2001). 
 
 
 
 
Figure 4-4 Microarray data for NIA1 and NIA2 over 36 hours of Isoxaben treatment in 6 day old A. 
thaliana seedlings. 
NIA1 and NIA2 expression as determined by microarray analysis. Time course over 36 hours 
performed. Solid line indicates Isoxaben expression, hashed line mock expression. Microarray 
performed by (Hamann et al., 2009) but NIA1 and NIA2 and OXI1 data analysed by author. 
 
Figure 4-4 shows microarray data from Isoxaben and mock treated tissue. 
The data implies that at 8 hours both NIA1 and NIA2 are transcriptionally up-
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infection and stress, this suggests that NO has a signalling role during CWI 
impairment.  
To summarize, NO is induced during pathogen responses, OGA treatment and 
mechanical stress. Given that OGA treatment is probably indicative of CWI 
impairment or CWD and that mechanical stress occurs during CWI impairment and 
CWD, could NO have a role in the signalling pathway regulating the response to CWI 
impairment? 
4.1.5 Ethylene and ACC oxidase 
The hormone ethylene is constitutively elevated in seedlings that are 
impaired in cellulose synthesis (Ellis and Turner, 2001). Cell elongation in roots is 
inhibited by ethylene. Ethylene requires auxin biosynthesis, transport and ROS in 
order to inhibit root growth (De Cnodder et al., 2007; Strader et al., 2010) 
In addition to downstream ethylene signalling, 1-aminocyclopropene-1-
carboxylic acid (ACC), which is a precursor of ethylene, is also required for inhibition 
of cellular elongation by CWI impairment (Tsang et al., 2011). Interestingly, direct 
application of ACC inhibits both cellular elongation within 3 hours of treatment and 
elongation in root cells (Tsang et al., 2011). ACC treatment signals independently of 
the ethylene signalling mechanism as in the ethylene insensitive3 &  ethylene 
insensitive3-like1 (ein3 eil2) ethylene insensitive mutant plants ACC inhibition of root 
elongation still occured (Tsang et al., 2011). Inhibition of ACC biosynthesis causes 
continued root elongation during isoxaben treatment and disrupts inhibition of 
cellular elongation during plant pathogen interactions (Tsang et al., 2011). Therefore 
it appears that ACC can act as a signalling molecule in its own right. Furthermore, 
treatment of seedlings with the PAMP FLG22 reduces cellular elongation after 5 
hours to a level observed after 3 hours of isoxaben treatment. ACC therefore seems 
to be a key signal in regulating cellular elongation in the root. Surprisingly though, 
abolition of ACC biosynthesis using the chemical inhibitor AIB, demonstrates that 
cells still undergo elongation even during isoxaben addition and subsequent 
inhibition of CBI (Tsang et al., 2011). Therefore reduced cell elongation during 
isxoaben treatment is not due to a biophysical weakening of the cell wall, but rather, 
is regulated by an active signalling process (Tsang et al., 2011). The role of ACC in 
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CWI maintenance is expected given its signalling functions and induction during CWI 
impairment. However, up and down stream processes regulating the production of 
ACC need to be clarified.  
4.1.6 Aims and strategy  
The main aim of the work described in this chapter is to uncover the signals 
that regulate the response to CWI impairment. This will be achieved by pursuing the 
following work streams: 
 Confirmation that genes required for JA and SA biosynthesis are 
transcriptionally up-regulated and temporal characterisation of the 
levels of each hormone after CWI impairment. Furthermore, the 
location of increases in these hormones will be investigated using 
reporter lines. 
 Characterization of the function of ROS in the response to CWI 
impairment using mutant genotypes and pharmacological inhibition 
of both NADPH oxidases and peroxidases. In addition, the effect of 
ROS perturbation on JA and SA levels will also be determined.  
 The prevalent ROS signalling molecule H2O2 will be detected during 
CWI impairment using the genetically encoded H2O2 reporter HyPer. 
 Determination of the role of NO in CWI impairment, achieved using 
NO mutant genotypes and pharmacological manipulation. 
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4.2 Materials and Methods 
4.2.1  Mutant lines 
A. thaliana mutants employed here were obtained either from the lab they 
were originally identified in or from or the Nottingham Arabidopsis Stock Centre. A 
list of all mutant lines used and their origins can be found in Appendix 1.  
4.2.2  Pharmacological Treatments 
SA was added at 1mM, 100μM and 10μM prior to isoxaben addition. 
Diphenyleneiodonium chloride (DPI) (Enzo Life-Sciences) was dissolved in DMSO and 
added to liquid culture flasks to give final concentrations of 10M, 1M and 0.1M. 
Lanthanum chloride (LaCl3) was added to liquid culture flask before media 
sterilization at a final concentration of 10mM, pH was the readjusted to 5.7 after 
chemical addition. Delayed addition experiments were performed by adding 
isoxaben and then DPI or LaCl3 at designated time points after isoxaben addition (0, 
1, 2, 3, 4, 5, and 6 hours). Samples were then harvested for JA / SA / ABA analysis 
after seven hours. Salicylhydroxamic acid (SHAM, 100μM), potassium iodide (KI, 
1mM), hydrogen peroxide (H2O2, 100μM) and potassium cyanide (100μM) were 
added to seedlings immediately prior to isoxaben addition. The concentrations used 
have been previously described as having effects on peroxidase function (Tsukagoshi 
et al., 2010). NO was pharmacologically manipulated using the NO donor sodium 
nitroprusside at 15M, 30M and 60M. C-PTIO was used as a NO scavenger at 
0.5mM. These concentrations were chosen based on demonstrated efficacy in the 
literature (Wang and Chory, 2006).  
 
4.2.3 GUS staining of OXI1::GUS and PDF1.2::GUS mutant lines 
GUS staining was performed on OXI1:: GUS and PDF1.2::GUS  reporter lines. 
GUS staining solution consisted of 1mM X-Gluc, 0.1% (w/v) Triton X-100, 0.5mM 
K3FE(CN)6 (ferricyanide), 0.5mM K4FE(CN)6 3H20 (ferrocyanide), 10mM Na2EDTA, 
50mM PO4 buffer pH 7.0. After 12 hours of isoxaben treatment seedlings were 
harvested and immediately submerged in GUS staining solution. Samples were 
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infiltrated in a desiccator under vacuum in order to ensure penetration of GUS 
staining solution to all cell layers. OXI1::GUS was stained for 3 hours and 
PDF1.2::GUS was stained for 1 hour at 37°C. After staining the GUS reaction was 
stopped and samples were cleared in 70% ethanol for a minimum of 1 week. 
Seedlings were then stored in 30% glycerol before imaging. The day before (24 hours) 
imaging seedlings were transferred to a Chloral Hydrate : H2O : Glycerol solution 
(8:3:1mL). Seedlings were then mounted on coverslips in the chloral hydrate solution 
and imaged on a Carl Zeiss Axioplan 2 At 5X magnification. Images were cropped 
using preview for Mac OSX and assembled in Microsoft PowerPoint. 3 biological 
repeats were performed for each reporter line. Scales bars were produced with a 
staged graticule and Image-J. 
 
4.2.4  Imaging H2O2 with the genetically encoded probe 
HyPer. 
The HyPer transgenic insert was purchased from evrogen in a Gateway entry 
vector and was transformed into A. thaliana using the gateway cloning system 
(Invitrogen). In addition the published line from Alex Costa (Padua) was obtained and 
used. HyPer expressing seedlings grown on plates (6 days old) were incubated in 
liquid growth media (2.1g/L MS, 0.546g/L MES, 1% sucrose) supplemented with 
isoxaben or a mock control. Time points 0, 4, 8 and 12 were imaged. At the desired 
time point individual seedlings were mounted on modified slides. In order to reduce 
mechanical pressure on the seedling from the coverslip and microscope slide used 
for mounting, a well was produced on microscope slides by gluing two 22X22mM 
coverslips onto the slide, producing a channel that seedlings could be placed in and 
the channel could be flooded with growth media (GM). Confocal laser scanning 
microscopy was performed using a Leica DM IRE2 system coupled with a Leica TCS 
SP2 SE. HyPer was excited at 488nm and emission was detected at 500-520nm. 
Image data was processed with Image-J version 1.45s was obtained from 
http://imagej.nih.gov/ij and a thermal LUT available in Image-J was used to visualise 
H2O2 levels. Figures were compiled in Microsoft PowerPoint. 
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4.3 Results 
4.3.1 CWI impairment results in phytohormone induction 
In order to confirm microarray-derived expression data for SID2 (Figure 4-2), 
QRT-PCR-based expression analysis was performed. QRT-PCR had previously been 
performed for AOS (Denness et al., 2011) and confirmed the microarray data 
presented (Figure 4-1). This demonstrated transcriptional up-regulation of the JA 
biosynthetic pathway and implied that JA is a signalling component induced by CWI 
impairment. Figure 4-5 shows results of QRT-PCR experiments for SID2 over 24 hours 
of isoxaben treatment. SID2 transcript levels increased between 4 and 8 hours after 
start of treatment and continue to increase up-to 24 hours. These results confirm 
the microarray-derived expression data for SID2 (Figure 4-2), showing that CWI 
impairment causes expression changes of a gene required for SA biosynthesis and 
suggest SA biosynthesis may be transcriptionally regulated. The observed expression 
changes of SID2 imply that SA signalling may be involved in the response to CWI 
impairment. 
 
Figure 4-5 QRT-PCR expression of SID2 after CWI impairment 
SID2 induction over 24 hours of Isoxaben treatment. Data was normalized to the corresponding time-point mock-
treatment and PP2AA3 was used as a reference gene. Error bars indicate standard error from the mean.  
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After implying that JA and SA biosynthesis genes are up-regulated after CWI 
impairment (Figure 4-1, Figure 4-2 & Figure 4-5) the level of JA and SA was 
determined using LC-MS/MS to quantify the levels of the two phytohormones 
present in whole seedlings which were treated with isoxaben.  
 
Figure 4-6 JA induction after isoxaben treatment in 6 day old A. thaliana seedlings. 
JA induction over 12 hours of Isoxaben treatment. Isoxaben treatment, solid line; mock treatment, 
hashed line. Error bars represent standard deviation from the mean. Data shown is a biological 
replicate that is representative of the three biological replicates performed. * denotes significance 
between mock and isoxaben JA levels at each time point as determined by Student’s T-test P≤0.05. 
   
Figure 4-6 displays the level of JA produced after a 12-hour time course of 
isoxaben treatment. The level of JA increases over time and is significantly different 
to the mock control after 3 hours of Isoxaben treatment. The level of JA increases 
until 8 hours after CWI impairment (peaking at ~1800ng JA /g freeze dried tissue). 
After 8 hours the level of JA plateaus. Interestingly the increase of JA between 3-4 
hours and peak after 8 hours is correlated with the transcript level changes of JA 
biosynthetic genes suggested by the microarray- (Figure 4-1) and QRT-PCR-derived 
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expression data (Denness et al., 2011). This work demonstrates that JA levels 
increase in whole seedlings during CWI impairment. 
 
Figure 4-7 SA induction after isoxaben treatment in 6 day old A. thaliana seedlings. 
SA induction over 12 hours of Isoxaben treatment. Isoxaben treatment, solid line; mock 
treatment, hashed line. Error bars represent standard deviation from the mean. Data shown is on 
biological replicate that is representative of the three biological replicates performed. * denotes 
significance between mock and isoxaben JA levels at each time point as determined by Student’s T-
test P≤0.05. 
 
Error! Reference source not found. displays the amounts of SA produced in 
whole seedlings over a 12-hour treatment period with isoxaben. SA levels start to 
increase significantly after 5 hours of CWI impairment and keep rising up to 12 hours 
(peaking at ~3200 ng SA /g freeze dried tissue). The increase in SA around 5 hours 
correlates with the changes in gene expression detected with microarray (Figure 4-2) 
and QRT-PCR (Figure 4-5) for the SA biosynthetic gene SID2. Interestingly the level of 
SA induced by CWI impairment does not plateau after 8 hours, as the JA level does, 
(Figure 4-6) but keeps increasing. This is surprising since the increase in transcripts of 
JA biosynthesis genes  (Figure 4-1) is greater than that for SA (Figure 4-2). While the 
level of SA does not increase until after 5 hours of isoxaben treatment (Error! 
Reference source not found.), the JA level increases after 3 hours (Figure 4-6), 
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suggesting that JA biosynthesis is induced before SA. These results suggest that JA is 
required earlier than SA during the response to CWI impairment and that the 
absolute amounts of phytohormones are not solely regulated by the level of gene 
expression (Figure 4-6 & Error! Reference source not found.). 
4.3.2  Localisation of JA / ROS induction 
 
 
Figure 4-8 QRT-PCR of OXI1 expression during Isoxaben induced CWI impairment in A. thaliana 6 
day old seedlings 
OXI1 induction over 24 hours of Isoxaben treatment. Data was normalized to the corresponding time-
point mock-treatment and PP2AA3 was used as a reference gene. Error bars indicate standard error 
from the mean. 
 
Microarray data shows that RBOHD & F and OXI1 are up-regulated after 
Isoxaben treatment (Figure 4-3). RBOHD & F QRT-PCR during CWI impairment had 
been previously performed and shown to support the microarray data (Denness et 
al., 2011). OXI1 QRT-PCR (Figure 4-8) confirmed the microarray data that OXI1 
transcripts have accumulated from 4 hours after isoxaben addition and transcription 
increases until 24 hours after isoxaben treatment. The increase in expression, as 
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confirmed by QRT-PCR therefore demonstrates that OXI1 transcript accumulation is 
induced upon CWI impairment. As OXI1 is inducible by H2O2, an OXI1::GUS reporter 
line was used to determine the location of H2O2 increases during CWI impairment. 
 
Figure 4-9 OXI1::GUS reporter line during CWI impairment in the root elongation zone of 6 day old 
A. thaliana seedlings. 
OXI1::GUS 12 hour isoxaben and mock treated root elongation zones are shown. Seedlings GUS 
stained for 3 hours post 12 hours isoxaben treatment. N≥20 for each experimental repeat. Three 
experimental repeats performed. Scale bar denotes 100μM. 
 
Figure 4-9 shows enhanced GUS staining in the elongation zone of OXI1::GUS 
seedlings after 12 hours of isoxaben treatment whereas no staining is observed in 
mock treated seedlings. These results suggest that ROS-based signalling processes 
involving OXI1 are occurring in the elongation zone of the root during CWI 
impairment. Interestingly, the level of OXI1::GUS staining in the root tip has been 
shown to vary depending on the media used. If seedlings are grown on “hard media” 
(such as agar) GUS staining is detectable in the root cap, “softer media” (such as 
phytagel) induces very little staining in the root in comparison (Rentel et al., 2004). 
The liquid culture growth used here results in no OXI1:GUS staining in the root tip in 
the mock condition.  
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Figure 4-10 PDF1.2::GUS reporter line during CWI impairment in the root elongation zone of 6 day 
old A. thaliana seedlings. 
PDF1.2::GUS 12 hour isoxaben and mock treated root elongation zones are shown. Seedlings GUS 
stained for 3 hours post 12 hours isoxaben treatment. N≥20 for each experimental repeat. Three 
experimental repeats performed. Scale bar denotes 100μM. 
 
JA is induced by isoxaben treatment (Figure 4-6). In order to determine 
where JA increases occur, the PDF1.2::GUS reporter line was used. PDF1.2 
transcription is induced by JA and this reporter line is used widely to detect local JA 
production (Ellis and Turner, 2001). Figure 4-10 shows that mock treated seedlings 
display weak PDF1.2::GUS staining in the vasculature throughout the plant. However, 
PDF1.2::GUS staining is increased in the vasculature throughout the elongation zone 
of roots treated with isoxaben, compared to mock-treated seedlings (Figure 4-10). 
PDF1.2::GUS staining suggests that increased JA production is occurring at the site of 
lignin deposition and ROS induction (as demonstrated by OXI1::GUS staining Figure 
4-9). 
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4.3.3 Perturbation of ROS & JA signalling alters 
downstream effects after CWI impairment 
In order to determine if JA and ROS have essential functions in the response 
to CWI impairment, mutants deficient in JA/ROS biosynthesis and signalling were 
used. Each was treated with isoxaben and lignin deposition was visualised after 12 
hours using phloroglucinol (Figure 4-11). 
 
 
Figure 4-11 Lignin deposition in the root elongation zone of 6 day old A. thaliana ROS and JA 
mutant genotypes during CWI impairment. 
Lignin deposition was visualized after 12hours of Isoxaben treatment using phloroglucinol in mutant 
genotypes rbohD/F, oxi1-1, aos and jar1-1. Isoxaben resistant line ixr1-1 was used as a negative 
control. N=20 for one experiment, 3 experimental repeats performed. Scale bar denotes 100μm. 
 
Perturbation of ROS biosynthesis (rbohd/f) or signalling (oxi1-1) results in 
decreased lignin deposition in the elongation zone of seedlings after 12 hours of 
isoxaben treatment (Figure 4-11). This decrease in lignin deposition implies that ROS 
is required for lignin deposition as its loss (in rbohd/f) or the loss of downstream 
signalling elements (oxi1-1) abolishes lignin deposition. Conversely a loss of JA 
biosynthesis (aos) or signalling ability (jar1-1) results in increased lignin deposition in 
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the elongation zone after 12 hour of CWI impairment (Figure 4-11), which implies 
that JA is required to inhibit lignin deposition in the elongation zone of the root. The 
results observed are specific to isxoaben-induced CWI impairment since the isoxaben 
resistant control mutant used here (ixr1-1) showed no lignin deposition after 12 
hours of CWI impairment.  
It has been demonstrated that JA and ROS biosynthesis enzyme transcript 
levels are induced and JA and SA levels are elevated (Figure 4-6 and Figure 4-3). The 
data from the promoter reporter constructs suggests that ROS and JA are produced 
in the elongation zone of the root, which is the region primarily affected by isoxaben 
treatment. In addition to this, mutants impaired in JA/ROS signalling or biosynthesis 
exhibit perturbed lignin deposition after 12 hours with JA and ROS apparently acting 
in an antagonistic manner. ROS is required to promote while JA is required to inhibit 
lignin deposition. This raises the question, if one signal is perturbed during CWI 
impairment, does it result in differences in the other signal?  
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Figure 4-12 JA induction in 6 day old A. thaliana mutant genotypes for ROS and JA biosynthesis and 
signalling undergoing CWI impairment. 
JA levels were quantified after 7 hours of isoxaben treatment. Solid values indicate CWI impaired 
samples, hashed mock. rbohd/f, oxi1-1, aos and ixr1-1 mutant genotypes were used. Values are 
average of 4 technical repeats, error bars denote standard deviation between technical replicates. 
Data above is one experimental repeat that is representative of the 3 experimental repeats 
performed. * denotes significance between mutant line compared to Col-0 according to Student’s T-
test, P≤0.05. 
 
In order to determine if perturbation of ROS production alters JA biosynthesis 
during CWI impairment, JA was quantified using LC-MS/MS in mutant seedlings 
mock- or isoxaben-treated (Figure 4-12). As Figure 4-12 shows, JA levels were 
significantly increased in rbohD/F compared to isoxaben-treated wild-type controls 
after seven hours. This implies that RBOHD/F derived ROS inhibits JA induction 
during CWI impairment. However, perturbation of ROS signalling downstream of 
RBOHD/F does not significantly alter the level of JA induced by isoxaben treatment, 
as shown by oxi1-1. This demonstrates that the biosynthesis of ROS by rbohd/f is 
required for subsequent lignin deposition and additionally ROS is required to inhibit 
JA production. However, the ability of ROS to inhibit JA signalling during CWI 
impairment is not dependent on the oxi1-1-mediated signalling pathway as oxi1-1 
shows no statistically significant difference in JA levels compared to wild type. 
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Therefore Figure 4-12 indicates that a non oxi1-1 downstream signalling pathway is 
required to inhibit JA signalling during CWI impairment. In addition the negative 
control aos (which cannot synthesis JA, (Park et al., 2002) shows no JA induction. 
While the isoxaben resistant mutant ixr1-1 shows low-level constitutive induction of 
JA during CWI impairment this has been previously described (Ellis, 2002). In addition 
to aos, phytohormone levels in the mutant genotype jar1-1 were also determined 
after isoxaben treatment (appendix I). jar1-1 displayed enhanced JA levels after CWI 
impairment compared to mock. However, this is because the JA being quantified is 
Jasmonic Acid, however the main signalling JA is JA-isoleucine, jar1-1 is incapable of 
conjugating JA to JA-isoleucine and therefore a build-up of non-signalling active JA 
occurs (Browse, 2009). This data can be found in appendix I.   
 
Figure 4-13 SA induction in 6 day old A. thaliana mutant genotypes for ROS and JA biosynthesis and 
signalling. 
SA levels were quantified after 7 hours of isoxaben treatment. Solid values indicate CWI impaired 
samples, hashed mock. rbohd/f, oxi1-1, aos and ixr1-1 mutant genotypes were used. Values are 
average of 4 technical repeats, error bars denote standard deviation between technical replicates. 
Data above is one experimental repeat that is representative of the 3 experimental repeats 
performed. * denotes significance between mutant line compared to Col-0 according to Student’s T-
test, P≤0.05. 
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As well as JA levels, SA levels were also investigated in the mutant seedlings 
deficient for ROS and JA signalling or biosynthesis upon isoxaben treatment (Figure 
4-13). Perturbation of ROS levels did not result in a statistically significant difference 
to wild type SA levels regardless of the mutants examined. However, aos that is 
unable to synthesise JA displayed a statistically significant decrease in the level of SA 
induced after CWI impairment compared to the wild-type controls. Additionally, the 
negative control ixr1-1 showed a statistically significant decrease in SA induction 
after CWI impairment, however the mock level of SA in the ixr1-1 mutant genotype 
was increased. The alterations in SA levels in ixr1-1 are mostly likely due to the 
previously reported constitutive elevation of phytohormones (Ellis and Turner, 2001). 
SA quantification in isoxaben-treated mutant seedlings deficient in ROS and JA 
signalling suggests that intact RBOHD/F signalling is not required for induction of SA 
during CWI impairment. However, JA is required for the normal SA response during 
CWI impairment. This therefore implies that JA and SA do not function 
antagonistically, rather JA is required for the wild type level of SA production during 
CWI impairment.  
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Figure 4-14 Isoxaben induced RGI in 6 day old A. thaliana mutant genotypes for ROS and JA 
biosynthesis and signalling. 
RGI after Isoxaben treatment with mutant genotypes for ROS biosynthesis (rbohd/f) and signalling 
(oxi1-1) and JA biosynthesis (aos) and signalling (jar1-1). 0 and 24 hour RGI shown. N=20 for one 
experiment. 3 experimental repeats performed. Values represent average root length, error bars 
represent standard error. * Indicates significance from Col-0 24 hour control as determined by 
Student’s T-test (P≤0.05). Non-isoxaben treated RGI assays can be found in Appendix I. 
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In addition to analysing lignin deposition and JA / SA phytohoromone levels in 
ROS and JA biosynthesis or signalling mutants, Root Growth Inhibition (RGI) was also 
determined. The rationale for this experiment was to determine if the signalling 
pathways examined are required for root growth inhibition (RGI) due to CWI 
impairment. Seedlings were grown for 6 days and a batch was harvested; the 
seedlings were then treated for 24 hours with isoxaben and another batch was 
harvested. By determining seedling root length at time point 0 and 24 hours after 
start of treatment the level of RGI could be determined. Figure 4-14 shows RGI in 
rbohd/f, oxi1-1, aos and jar1-1 seedlings after CWI impairment. Perturbation of ROS 
biosynthesis (rbohd/f) or signalling (oxi1) did not affect RGI. Therefore intact ROS 
signalling is not required for the inhibition of root growth upon CWI impairment. 
Conversely, JA biosynthesis (aos) and signalling (jar1-1) mutant genotypes showed 
on-going root growth after CWI impairment, implying resistance to isoxaben. This 
suggests both the biosynthesis and perception of JA is required in order to mediate 
an inhibition of on-going root growth after CWI impairment (Figure 4-14).  
Interestingly these mutant genotypes display an increase in CWI impairment induced 
lignin deposition (Figure 4-11). However, it is unclear whether the growth is 
dependent on the structural support provided by lignin deposition or the enhanced 
lignin deposition detected is caused by the continued growth, which is made 
possible by other cell wall components. 
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Figure 4-15 Lignin deposition in the root elongation zone of 6 day old A. thaliana seedlings 
undergoing SA manipulation after 12 hours of CWI impairment. 
Lignin deposition was visualized using phloroglucinol in the SA biosynthesis mutant genotype sid2-2 
and with pharmacological application of SA (1mM, 100μM and 10μM). N=20 for one experimental 
repeat, 3 experimental repeats performed. Images shown are representative from all repeats. Scale 
bar denotes 100μm. 
 
Previously we have demonstrated that CWI impairment induces SA 
transcription and phytohormone levels. In order to determine if perturbation of SA 
signalling results in altered lignin deposition during CWI impairment, mutant 
genotypes for SA biosynthesis and pharmacological addition of SA were used (Figure 
4-15). sid2-2 is unable to synthesis SA via the isochorismate synthase pathway 
(which is the main route of SA synthesis during pathogen infection (Wildermuth et 
al., 2001)). In addition SA levels were increased by supplying  SA in the media (1mM, 
100μM and 10μM SA). sid2-2 displayed increased lignin deposition in the elongation 
zone of the A. thaliana root after 12 hours of CWI impairment. This is similar to the 
lignin deposition observed after CWI impairment in JA biosynthesis (aos) or signalling 
(jar1-1) mutant genotypes. Therefore it appears that SA is required for the inhibition 
of lignin deposition during CWI impairment. Confirming this, pharmacologically 
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increasing SA levels to 1mM, 100μM and 10μM reduced lignin deposition after CWI 
impairment in a dose dependent manner.  
SA is therefore required in a manner similar to JA for inhibition of lignin 
deposition during CWI impairment in the root elongation zone of A. thaliana. This is 
confirmed by reducing SA levels with mutant genotypes (resulting in increased lignin 
deposition) and increasing SA levels pharmacologically (resulting in a dose-
dependent decrease in lignin deposition). However, does perturbation of SA 
signalling during CWI impairment affect JA induction? 
 
Figure 4-16 JA induction during pharmacological manipulation and mutant genotypes of SA in 6 day 
old A. thaliana seedlings. 
Solid values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours 
of CWI impairment. An SA biosynthesis (sid2-2) mutant genotype was used. In addition SA was added 
at 1mM, 100μM and 10μM. Values are average of 4 technical replicates, error bars denote standard 
deviation between technical replicates. Data above is one experimental repeat that is representative 
of the 2 experimental repeats performed. * denotes significance according to Student’s T-test, 
P≤0.05, compared to corresponding wild type control. 
 
In addition to detecting lignin deposition in seedlings with perturbed SA 
levels, JA levels were also quantified after 7 hours of isoxaben treatment. This was 
performed in order to determine if JA and SA levels can influence each other and 
signalling ‘cross-talk’ occurs during CWI impairment. Figure 4-16 shows that in the 
biosynthesis mutant genotype sid2-2, JA is induced to a significantly higher level than 
0?
500?
1000?
1500?
2000?
2500?
3000?
Col-0? sid2-2? 1mM?SA? 100μM?SA? 10μM?SA?
ng
?J
A
?/
?g
?fr
ee
ze
?d
ri
ed
?w
ei
gh
t?
Isoxaben??
Mock?
*?
*?
*?
*?
*?
 112 
in the wild type upon isoxaben treatment. This implies that SA might inhibit the level 
of JA induced during CWI impairment, in the absence of SA more JA is produced. 
Increasing the level of SA in the tissue decreases the level of JA induced. Perturbing 
the level of SA in tissue indicates that SA signalling can alter the level of JA induced 
during CWI impairment, therefore SA might reduce JA levels. However, the interplay 
between JA and SA appears more complex than a simply ‘antagonistic’ relationship 
as aos mutants display reduced SA induction after isoxaben treatment. Furthermore 
there is no correlation between SA concentrations used and amount of JA produced 
as 100μM SA treatment inhibits JA induction less than 10μM. 
 
 
Figure 4-17 Isoxaben induced RGI in 6 day old A. thaliana mutant genotype sid2-2 
RGI after Isoxaben treatment with mutant genotypes sid2-2. 0 and 24 hour RGI shown. N=20 
for one experiment. 3 experimental repeats performed. Values represent average root length, error 
bars represent standard error. * Indicates significance between 0 and 24 hour samples as determined 
by students T-test (P≤0.05). 
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In addition to lignin deposition and JA induction, RGI was also determined for 
sid2-2 mutant genotypes during CWI impairment. Figure 4-17 demonstrates that 
RGI still occurs after isoxaben treatment in sid2-2 mutant genotypes. Therefore 
SA is not required for RGI after isoxaben treatment unlike JA, which was required 
(Figure 4-14). 
 
4.3.4 Pharmacological inhibition of ROS during CWI 
impairment 
Previous work using different mutant genotypes impaired in ROS biosynthesis 
and signalling has shown that ROS is required for lignin deposition and inhibition of 
JA induction during CWI impairment. In order to confirm this independently, 
pharmacological inhibition of ROS signalling was performed and lignin deposition, JA 
and SA phenotypes after isoxaben treatment were investigated. 
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Figure 4-18 Lignin deposition in the root elongation zone of 6 day old A. thaliana seedlings during 
pharmacological inhibition of ROS and CWI impairment. 
Lignin deposition was visualized using phloroglucinol. DPI was used to inhibit NADPH oxidase based 
signalling at 10μM, 1μM and 0.1μM after 12 hours of CWI impairment. N=20 for one experimental 
repeat, 3 experimental repeats performed. Images shown are randomly selected from those 
available. White box highlights area of low lignin deposition.  Scale bar denotes 100μm. 
 
Diphenyliodonium chloride (DPI) is widely used as an inhibitor of NADPH 
oxidases such as RBOHD & F (Foreman et al., 2003; Doussiere and Vignais, 2005). 
Therefore, DPI was used together with isoxaben to confirm that ROS derived from 
NAPDH oxidases RBOHD & F is required for lignin deposition. Figure 4-18 shows that 
DPI treatment reduces lignin deposition in a concentration dependent manner from 
10μM down to 0.1μM. 10μM abolishes lignin deposition after CWI impairment and 
1μM and 0.1μM greatly reduce it in the elongation zone. In addition 10μM abolishes 
the increased root hair phenotype observed during isoxaben induced CWI 
impairment. 10μM and 0.1μM show reduced root hair production in the elongation 
zone in a dose dependent manner. Root hair outgrowth and cell shape is sensitive to 
DPI, requiring RBOHC (Takeda et al., 2008). Interestingly, the root morphology of 
seedlings that have been treated with 10μM DPI does not show the distended cells 
in the elongation zone, which occur normally in wild-type upon isoxaben treatment. 
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However, the elongation zone of seedlings treated with 1μM and 0.1μM DPI does 
display distended cells. In addition, the elongation zone of rbohd/f mutant genotypes, 
which showed no lignin deposition, also display distended cells. Therefore the higher 
concentration of DPI (10μM) appears to prevent the root from responding to CWI 
impairment, implying that other DPI sensitive enzymes are involved in the response.  
In conclusion, pharmacological inhibition of NADPH oxidases following 
isoxaben treatment inhibits lignin deposition, as is the case in mutant genotypes for 
rbohd/f. conclusively showing that intact ROS biosynthesis and signalling are 
required for lignin deposition caused by CWI impairment. 
 
Figure 4-19 JA induction during pharmacological inhibition of ROS and Ca
2+
 during CWI impairment 
in 6 day old A. thaliana seedlings 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. NADPH oxidase signalling was inhibited with 10μM, 1μM and 0.1μM DPI. Values are 
average of 4 technical repeats, error bars denote standard deviation between technical repeats. Data 
above is one experimental repeat which is representative of the 3 experimental repeats performed. * 
denotes significance compared to corresponding mock control according to Student’s T-test, P≤0.05. 
 
In addition to lignin deposition during dual CWI impairment and DPI 
treatment, JA levels were also quantified using the previously described method 
(Forcat et al., 2008). Figure 4-19 shows that upon DPI treatment, the level of JA 
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normally induced is significantly reduced (Students T-text, P≤0.05). The loss of JA 
induction is most pronounced at the highest concentration (10μM) employed, 
resulting in a complete inhibition of CWI impairment induced JA. Seedlings treated 
with isoxaben and 1μM or 100pM show similarly reduced JA induction.  
The evidence that pharmacological inhibition of ROS signalling abolishes JA 
induction during isoxaben treatment contradicts the previous findings that a loss of 
rbohd/f derived ROS inhibition results in enhanced JA levels (Figure 4-12). Therefore 
it appears that a DPI sensitive enzyme, but not RBOHD/F, is required for the initial 
induction of JA during CWI impairment.  
 
Figure 4-20 SA induction during pharmacological inhibition of ROS and Ca
2+
 during CWI impairment 
in 6 day old A. thaliana seedlings 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. NADPH oxidase signalling was inhibited with 10μM, 1μM and 0.1μM DPI. Values are 
average of 4 technical repeats, error bars denote standard deviation between technical repeats. Data 
above is one experimental repeat which is representative of the 3 experimental repeats performed. * 
denotes significance compared to corresponding mock control according to Student’s T-test, P≤0.05. 
 
In addition to measuring the phytohormone JA during dual isoxaben and DPI 
treatment, SA levels were also determined. Figure 4-20 shows that as with JA, DPI 
treatment at 10μM abolishes SA induction follwing isoxaben treatment. Treatments 
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of DPI (1μM and 0.1μM) significantly reduce SA levels during isoxaben treatment. 
However, as with JA, complete abolition of phytohormone induction does not occur 
at these concentrations.   
Therefore, treatment with DPI abolishes both JA and SA phytohormone 
induction during CWI impairment. However, rbohd/f mutant genotypes show 
increases in JA and normal SA induction during CWI impairment. It appears that a 
DPI sensitive ROS signal which is non-RBOHD/F derived is required upstream of JA 
and SA induction during CWI impairment. Inhibition of early ROS signalling results in 
a loss of subsequent downstream signalling events. In addition, total inhibition of 
Ca2+ signalling with EGTA or LaCl3 has been shown to abolish JA induction during CWI 
impairment (Denness et al., 2011). 
 
 
Figure 4-21 Evans blue quantification of cell death after dual DPI and CWI impairment treatment  in 
6 day A. thaliana seedlings. 
Isoxaben (600nM) and dual 600nM isoxaben and DPI treatments were performed (white values). In 
addition ‘dead’ controls of treatment with 6.15M NaCl and 100% DMSO for one hour were included 
(Hashed values). Values correspond to average absorbance for 10 technical repeats, each repeat 
containing 20 seedlings. Values adjusted for mock absorbance. Experiment was repeated 3 times. 
Error bars denote standard deviation between technical repeats. * indicates significance according to 
students T-test from mock samples, P≤0.05. 
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In order to determine if the observed DPI effect on lignin deposition, JA and 
SA was due to loss of ROS signalling and not because of cell death, an Evans blue 
based plasma membrane permeability quantification text was performed as before 
(Sanevas et al., 2007). Figure 4-21 shows that dual treatment of 600nM isoxaben and 
10μM DPI does not result in increased cell death when compared to ‘dead’ controls 
(100% DMSO and 6.15M NaCl treatment). Therefore, the observed DPI effects on 
lignin deposition, phytohormone induction and cellular morphology in the 
elongation zone is due to a loss of ROS signalling and not because DPI induces cell 
death. However, the reasons for the enhanced JA induction upon CWI impairment in 
rbohd/f and loss of JA induction during DPI treatment remain to be resolved.  
4.3.1 Temporal analysis of ROS signalling and 
phytohormone induction 
The disparity between the levels of JA induction in rbohd/f and DPI after 
isoxaben treatment was investigated further. ROS is known to signal in a biphasic 
manner during pathogen infections, therefore it was speculated that two temporally 
separate ROS signals are required, initially to induce JA and then a later ROS signal 
which antagonistically inhibits JA production (Denness et al., 2011). Production of 
the initial signal is sensitive to DPI but is not produced by RBOHD/F (as in the mutant 
background JA is still induced upon isoxaben treatment). In order to investigate if the 
response to CWI impairment also involves a biphasic ROS signal a delayed addition 
pharmacological approach was taken. Seedlings were treated with isoxaben from 
time point 0H while addition of DPI was delayed over a staggered period. The aim 
being to detect over which time period the DPI sensitive signal is required for JA 
induction.  
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Figure 4-22 JA induction in 6 day old A. thaliana seedlings after CWI impairment and during 
staggered pharmacological inhibition of ROS  
White values indicate the amount of JA present in the tissue CWI impaired samples at that time point, 
hashed represent the level of JA in the tissue after 7 hours with DPI added at the specified times. 
NADPH oxidase signalling was inhibited with 10μM DPI. Values are average of 4 technical repeats, 
error bars denote standard deviation between technical repeats. Data above is one experimental 
repeat that is representative of the 3 experimental repeats performed. * denotes significance 
according to students T-test, P≤0.05, compared to corresponding isoxaben only control. 
 
Figure 4-22 shows how JA induction after isoxaben treatment is affected by 
delayed addition of DPI. The Isoxaben only value represents the amount of JA 
present in the tissue at that time point. The DPI value represents the amount of JA 
present in the tissue after 7 hours when the inhibitor was added at the specified 
times. This approach allows detection of critical timing for ROS signalling as any 
difference of JA present in the tissue to the isoxaben only control has been produced 
despite the addition of inhibitors of ROS (DPI). As Figure 4-22 shows ROS abolition 
does not result in altered changes to the level of JA in the tissue between 0-1 hours. 
However, between 1-2 hours a DPI sensitive signal, presumptively ROS (due to its 
inhibition by DPI), is being produced which is inducing JA. This is shown by the 
enhanced JA observed after 2 hour DPI addition, compared to the level present in 
the tissue at that time during normal isoxaben treatment. DPI can be added at 2, 3, 4 
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and 5 hours and enhanced JA levels are present in the delayed treatments compared 
to the isoxaben only.   
In conclusion, a non-RBOHD/F DPI-sensitive signal is required between 1-2 
hours to induce JA after CWI impairment. 
 
Figure 4-23 JA induction in 6 day old A. thaliana seedlings after CWI impairment and during 
staggered pharmacological inhibition of Calcium signalling  
White values indicate the amount of JA present in isoxaben treated samples, hashed represent the 
level of JA in the tissue after 7 hours with LaCl3 added between 0-6 hours in a staggered addition. 
Calcium signalling was inhibited with 10mM LaCl3. Values are average of 4 technical repeats, error 
bars denote standard deviation of technical repeats. Data above is one experimental repeat that is 
representative of the 3 experimental repeats performed. * denotes significance according to 
Student’s T-test, P≤0.05, compared to corresponding isoxaben only control. 
 
As well as JA induction after staggered DPI and isoxaben addition, calcium 
signalling was also inhibited with the calcium transport inhibitor LaCl3. Ca
2+ has 
previously been shown to be essential for lignin deposition and JA induction during 
CWI impairment (Denness et al., 2011). Figure 4-23 demonstrates that Ca2+ signalling 
is essential for JA induction. Delayed inhibition at any time point results in reduced 
levels of JA. Unlike staggered DPI addition, no time point displays enhanced JA after 
Ca2+ inhibition compared to the level of JA present in the tissue at that time. This 
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therefore demonstrates that Ca2+ signalling is required continuously for JA induction 
after CWI impairment. 
 
Figure 4-24 SA induction in 6 day old A. thaliana seedlings after CWI impairment and during 
staggered pharmacological inhibition of ROS signalling 
White values indicate the amount of SA present in isoxaben treated samples, hashed represent the 
level of JA in the tissue after 7 hours with DPI added between 0-6 hours in a staggered addition. 
Calcium signalling was inhibited with 10μM DPI. Values are average of 4 technical repeats, error bars 
denote standard deviation of technical repeats. Data above is one experimental repeat that is 
representative of the 3 experimental repeats performed. * denotes significance according to 
Student’s T-test, P≤0.05, compared to corresponding isoxaben only control. 
 
In addition to determining JA levels during staggered addition of DPI, SA 
levels were also quantified. Figure 4-23 shows SA levels over 6 hours of staggered 
addition of DPI during CWI impairment. As can be seen, DPI is required continuously 
for increasing SA levels, inhibition of NADPH oxidases at any time point halts 
subsequent SA induction resulting in a level of SA which is not statistically 
significantly different to, or reduced than isoxaben-treated tissue at the time. This is 
different from the observed effect of staggered DPI on JA induction, showing ROS 
was only required between 0-1 hours.  
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Figure 4-25 SA induction in 6 day old A. thaliana seedlings after CWI impairment and during 
staggered pharmacological inhibition of Calcium signalling  
White values indicate the amount of SA present in the tissue CWI impaired samples at that time point, 
hashed represent the level of SA in the tissue after 7 hours with LaCl3 added at the specified times. 
Calcium signalling was inhibited with 10μM LaCl3. Values are average of 4 technical repeats, error bars 
denote standard deviation between technical repeats. Data above is one experimental repeat that is 
representative of the 3 experimental repeats performed. * denotes significance according to 
Student’s T-test, P≤0.05, compared to corresponding isoxaben only control. 
 
In addition to ROS, SA levels were also observed during staggered addition of 
the Ca2+ transport inhibitor LaCl3. Error! Reference source not found. shows that 
inhibition of Ca2+ signalling at any point after CWI impairment results in similar or 
reduced levels of JA induction in the tissue, compared to the level present at the 
time of LaCl3 addition after Isoxaben treatment. Therefore, as with JA (Figure 4-27) 
Ca2+ signalling is continually required for subsequent increases in SA after CWI 
impairment.  
In summary, delayed inhibition of NADPH oxidases (with DPI) demonstrates 
that a DPI-sensitive non-RBOHD/F ROS generating enzyme is required between 0-1 
hours for JA induction. However, ROS signalling is constitutively required for SA 
induction and Ca2+ is constitutively required for JA and SA induction.     
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4.3.2 Pharmacological inhibition of peroxidases during 
CWI impairment 
In addition to NADPH oxidases such as RBOHD/F that have been shown to be 
transcriptionally up-regulated during CWI impairment (Figure 4-3) (Denness et al., 
2011), peroxidases are also involved in ROS signalling and lignin polymerization 
(O'Brien et al., 2012). Class III peroxidases have been detected in the cell wall and 
the apoplast (Almagro et al., 2009). They also have roles in pathogen defence and 
have been shown to be involved in an apoplastic oxidative burst during biotic 
stresses (Bolwell et al., 2002; O'Brien et al., 2012). Therefore, they were investigated 
for their role in CWI impairment. 
 
 
Figure 4-26 Lignin deposition in the elongation zone of 6 day old A. thaliana seedlings with dual 
pharmacological perturbation of ROS levels or inhibition of peroxidases during CWI impairment. 
Lignin deposition was visualized using phloroglucinol after 12 hours of CWI impairment and the 
following chemical treatments 1mM KI, 100μM H2O2, 100μM SHAM and 100μM KCN. N=20 for one 
experiment, 3 biological repeats performed per experiment. Images presented are randomly selected 
from those taken. White area highlights small patches of lignin deposition. Scale bar denotes 100μm. 
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In order to study the function of peroxidases and ROS signalling during CWI 
impairment, ROS levels were manipulated by increasing them (with H2O2) and 
scavenging H2O2 (with KI). KI does not affect initial O2
− production but scavenges 
H2O2 subsequently (Frahry and Schopfer, 2002; Rodriguez, 2002; Dunand et al., 
2007). Treatments with KI led to a reduction in lignin deposition (Figure 4-23). This is 
in accordance with previous data that demonstrated the requirement of ROS for 
lignin deposition during CWI impairment (Figure 4-18, Figure 4-19 and Figure 4-20). 
By using KI it is confirmed in conjunction with DPI and the rbohd/f data that H2O2 
signalling has a key role inducing lignin deposition during CWI impairment. However, 
minute patches of lignin deposition could be observed in 1mM KI treated plants 
(highlighted in Figure 4-26 by white boxes). This could be due to two reasons: 1) 
some H2O2 is inducing signalling before it is scavenged by KI, which is unlikely given 
the high concentration used that has been previously used to abolish H2O2 levels 
(Tsukagoshi et al., 2010); or 2) that superoxide plays a role in initiating lignin 
deposition during CWI impairment. Evidence supporting the involvement of 
superoxide in CWI impaired lignin deposition comes from rbohd/f seedlings which do 
not produce superoxide and show reduced lignin deposition (Denness et al., 2011). 
In addition, cells are still distended in 1mM KI treated seedlings in the elongation 
zone of the root during CWI impairment therefore demonstrating a response to 
isoxaben treatment, even though H2O2 signalling has been abolished. Application of 
H2O2 also reduced lignin deposition and cells in the elongation zone were distended. 
The lignin deposition in 100μM H2O2 treated seedlings was increased compared to 
1mM KI treated seedlings. However it was notably reduced when compared to wild-
type seedlings undergoing CWI impairment. At first this seems counterintuitive as 
H2O2 is required for lignin deposition, therefore an increase in H2O2 should increase 
lignin deposition. However, exogenous application of H2O2 has been demonstrated 
to result in inhibited cell elongation (Tsukagoshi et al., 2010). Therefore if cell 
elongation is inhibited, isoxaben induced CWI impairment would not occur as cells 
would not be elongating. 
In addition to pharmacological manipulations of H2O2 level, peroxidase 
activity was inhibited with salicylhydroxamic acid (SHAM) during CWI impairment 
(Brouwer et al., 1986; Dunand et al., 2007; Tsukagoshi et al., 2010). The peroxidase 
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inhibitor KCN was also used (Bestwick et al., 1997) which inhibits a broader range of 
peroxidases (Chen and Asada, 1989; Tsukagoshi et al., 2010). Inhibition of 
peroxidases with 100μM SHAM resulted in reduced lignin deposition as shown by 
the limited lignin staining observed in the elongation zone of the root (Figure 4-26). 
In addition, cells in the elongation zone were still distended after CWI impairment. 
The loss of lignin deposition could be due to the loss of peroxidase polymerization of 
lignin (Almagro et al., 2009). It appears that peroxidase signalling is not required for 
the initial induction of lignin deposition as light phloroglucinol staining can be 
observed in SHAM treated seedlings. If peroxidases were required for the induction 
of lignin deposition then no staining would occur (as was evident in DPI treated 
seedlings). Therefore, it appears that peroxidases do not have a master role in lignin 
deposition during CWI impairment but are rather 1) enhancers of the signal or 2) 
required for the polymerisation of mono-lignols. Interestingly, treatment with 
100μM KCN resulted in a complete loss of lignin deposition and a loss of the 
distended cell phenotype observed in the elongation zone during CWI impairment. 
KCN treated seedlings showed normal root morphology similar to DPI treatment 
upon CWI impairment. However, KCN has been shown to reduce respiration of Zea 
mays plants (Brouwer et al., 1986). Therefore, the observed response with KCN 
could be due to cell death and an inactivation of cell growth. However, no cell death 
studies with SHAM or KCN were performed in order to test this. 
To conclude, H2O2 signalling which occurs during CWI impairment is 
important for the subsequent amount of lignin deposited. Perturbation H2O2 
signalling by inhibiting its accumulation with scavengers or exogenously application 
results in reduced lignin deposition. Peroxidases are also required for lignin 
deposition, however they may not be essential as some lignin deposition is observed.  
 126 
 
Figure 4-27 JA induction in 6 day old A. thaliana seedlings with pharmacological inhibition of 
peroxidases during CWI impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. ROS levels were perturbed by using the scavenger KI (1mM) and ROS H2O2 (100μM). 
Peroxidases were inhibited with 100μM SHAM and KCN. Values are average of 4 technical repeats, 
error bars denote standard deviation between technical repeats. Data above is one experimental 
repeat that is representative of the three experimental repeats performed. * denotes significance 
according to Student’s T-test, P≤0.05, compared to corresponding mock control. 
 
In addition to observing lignin deposition upon perturbation of ROS signalling 
and peroxidase activity during CWI impairment, the phytohormone JA was also 
quantified. Figure 4-27 shows that scavenging of H2O2 with 1mM KI reduces the level 
of JA induction. Therefore, H2O2 appears to be required for normal induction of JA 
during CWI impairment. Treatment with H2O2 results in reduced JA production 
during CWI impairment. This could be due to the reduction in cell elongation 
observed when H2O2 is added to seedlings. However, it could also be due to the 
antagonistic effect of JA on H2O2 induction during CWI impairment, as described by 
(Denness et al., 2011). Inhibition of peroxidases with 100μM SHAM or 100μM KCN 
resulted in reduced JA levels during CWI impairment. 
To conclude, peroxidases are required for normal JA production during CWI 
impairment. DPI treatment resulted in complete inhibition of JA induction (Figure 
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4-19). Therefore it appears that peroxidases are required for normal JA increases, 
but initial induction of JA still occurs. Demonstrating that peroxidases are not master 
regulators of phytohormone induction during CWI impairment. 
 
Figure 4-28 SA induction in 6 day old A. thaliana seedlings with pharmacological inhibition of 
peroxidases during CWI impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. ROS levels were perturbed by using the scavenger KI (1mM) and ROS H2O2 (100μM). 
Peroxidases were inhibited with 100μM SHAM and KCN. Values are average of 4 technical repeats, 
error bars denote standard deviation between technical repeats. Data above is one experimental 
repeat that is representative of the three experimental repeats performed. * denotes significance 
according to Student’s T-test, P≤0.05, compared to corresponding mock control. 
 
As with JA, the phytohormone SA was quantified during dual CWI impairment 
and manipulation of ROS and peroxidase signalling conditions. Error! Reference 
source not found. shows that reducing ROS levels with 1mM KI or increasing them 
with 100μM H2O2 results in prevention of SA induction upon isoxaben treatment. 
Therefore, H2O2 signalling is involved in the induction of SA signalling and it appears 
that the level of H2O2 produced is critical for induction of SA. Any unbalancing of the 
level of H2O2 in the seedling affects SA induction. 1mM KI treatment resulted in 
enhanced levels of JA in the mock control. Therefore removal of H2O2 signalling 
appears to elevate SA levels in non-CWI impaired seedlings.  
0?
500?
1000?
1500?
2000?
2500?
Mock? 1mM?KI? 100μM?H2O2?100μM?SHAM?100μM?KCN?
ng
?S
A
?/
?g
?fr
ee
ze
?d
ri
ed
?w
ei
gh
t?
Isoxaben?
Mock?
*? *?
*?
 128 
Perturbation of peroxidase signalling with SHAM significantly increases the 
level of SA in mock-treated controls while addition of isoxaben reduces this 
induction. Therefore, it appears that loss of peroxidase signalling causes stress that 
induces SA production. In order to better characterise the effect of SHAM on SA 
levels in seedlings further work is required. Inhibition of peroxidases with KCN 
results in no statistically significant difference to CWI impaired treated seedlings. In 
addition, the level of SA in KCN treated mock seedlings is enhanced to the level in 
CWI impaired seedlings. Therefore it appears that inhibition of peroxidases with KCN 
elevates the level of SA whether during CWI impairment or without it.  
In conclusion, the level of H2O2 present in the seedling is critical for the lignin 
deposition and JA / SA induction during CWI impairment. Perturbing it via scavenging 
or exogenously increasing H2O2 results in reduced levels of lignin deposition and JA / 
SA during CWI impairment. In addition, perturbation of peroxidase function reduces 
lignin deposition and JA levels but does not abolish them. Therefore peroxidases 
function during the response to CWI impairment but they are not required to induce 
lignin deposition or JA induction.  
4.3.3 Imaging H2O2 during Isoxaben induced CWI 
impairment. 
While it has been demonstrated that H2O2 is involved in the induction of 
lignin deposition upon isoxaben treatment and the level of H2O2 induction has been 
quantified using a luminol-based assay (Denness et al., 2011), ROS production has 
not been imaged during CWI impairment at the subcellular level. Attempts have 
been made to image H2O2 induction upon isoxaben treatment using the fluorescent 
dye H2DCFDA, but these have proven inconclusive (Thorsten Hamann, personal 
communication). H2DCFDA functions by passing through the membrane and is then 
ROS converts the dye to its reactive form (Kristiansen et al., 2009). H2DCFDA has 
been used in A. thaliana (Miller et al., 2009) but the loading of the dye, mounting of 
the root and imaging was results in too much stress for imaging during CWI 
impairment. Additionally, the superoxide reactive dye Nitro Blue Tetrozolium (NBT) 
was used to look at superoxide production during the initial 15 minutes after start of 
isoxaben treatment (appendix I). However, NBT heavily stained the root meristem 
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and elongation zone in mock and isoxaben treated seedlings and no discernible 
difference could be observed. Therefore it was concluded that NBT was not fit for 
purpose in this context. 
More recently a genetically encoded probe for HyPer has been developed 
and shown to be highly sensitive to H2O2, able to detect tissue scale wound induced 
H2O2 in zebrafish (Niethammer et al., 2010) and function in planta without the need 
for pre-loading of any dye (Belousov et al., 2006; Costa et al., 2010).  
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Figure 4-29 H2O2 imaging during Isoxaben induced CWI impairment in the elongation zone of the root of 6 day old A. 
thaliana seedlings. 
The genetically encoded H2O2 probe HyPer was used to image H2O2 during CWI impairment. 0, 4, 8 & 12 hour Isoxaben 
and mock time points were visualized. In addition a 12 hour dual isoxaben and 10μM DPI treatment was performed. 6 
seedlings were imaged per time point during one experiment. 2 experiments performed, N=12. Excitation 488nm, 
Emission 500-520nm. Scale bar denotes 100μm. 
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 HyPer was expressed in A. thaliana in the cytosol under the control of the 35s 
promoter. Imaging was performed on a Leica SP2 inverted confocal microscope. 
Initially, ratio metric imaging was attempted (as had been used in zebrafish 
(Niethammer et al., 2010) using the properties of HyPer which had been reported 
(Niethammer et al., 2010). However, this was unsuccessful in planta when imaging 
the root during CWI impairment (data not shown). This was because lignin produced 
by cells in the elongation zone auto-fluoresced at the same wavelength that the un-
excited HyPer emitted at, masking any signal. However, H2O2 production could still 
be visualized when imaging the HyPer bound to H2O2 at 500-520nm. 
Figure 4-29 shows representative fluorescence for HyPer expressing seedlings 
upon isxoaben- or mock-treatment over a 0, 4, 8 and 12 hour time course. In 
addition a 12hour DPI and isxoaben control was performed to test whether the H2O2 
signal observed was specifically due to NADPH oxidase activity. While NADPH 
oxidases produce superoxide, this is short lived and dismutated into H2O2. H2O2 
levels have been shown on the global level to increase upon isoxaben treatment 
(Denness et al., 2011). Figure 4-29 shows that isoxaben treated seedlings have 
increased HyPer fluorescence compared to mock controls after 4 hours. This H2O2 
signal increases after 8 and 12 hours whereas HyPer fluorescence stays low in mock-
treated seedlings. The signal appears to be localised to the plasma-membrane of 
seedlings, the plasma membrane would be stretched during CWI impairment and 
NADPH oxidases such as RBOHD/F are localised in the plasma membrane. Although 
the probe is expressed throughout the cytosol, HyPer fluorescence is only observed 
at the plasma membrane. In order to confirm this, co-localisation with a plasma-
membrane marker line such as FM-4-64 needs to be performed 
The DPI treated control roots did not show any HyPer fluorescence showing 
that the HyPer fluorescence observed is due to NADPH oxidase activity following 
isoxaben treatment. When NBT was used for ROS detection DPI treatment caused no 
difference in staining (appendix I), therefore the observed reduction in fluorescence 
is not due to a reduction in meristematic or respiration based ROS production but 
due to an inhibition of NADPH oxidases.  
In addition to analysing this late stage production of H2O2, attempts were 
made to image the early (between 0-2 hour) signalling that has been postulated to 
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occur based on experiments with DPI. However, no discernible differences between 
isoxaben and mock controls at this early time point were observed (data not shown).  
To conclude, CWI impairment induces H2O2 in A. thaliana, as has previously 
been demonstrated (Denness et al., 2011). Using HyPer imaging we have suggested 
that this H2O2 induction is localized at the plasma membrane during CWI impairment 
and is sensitive to DPI. The location of the signal at the plasma membrane and 
sensitivity to DPI implies that the signal being observed is derived from NADPH 
oxidases. 
4.3.4 NO signalling during CWI impairment 
NO has demonstrated signalling roles during the responses to biotic and 
abiotic stresses (Wendehenne et al., 2004). Therefore, the role of NO signalling 
during isoxaben induced CWI impairment was determined. Figure 4-4 shows that 
expression of NIA1 and NIA2 is up-regulated after 8 hours of CWI impairment, as 
determined by microarray analysis. In order to support the microarray data QRT-PCR 
was performed for NIA1 and NIA2 after CWI impairment. Figure 4-30 shows the 
results for NIA1 and NIA2 transcript levels in isoxaben-treated seedlings. NIA1 and 
NIA2 transcript levels do not appear to change. This is in conflict with microarray 
data (Figure 4-4), which indicates that both NIA1 and NIA2 are transcriptionally up-
regulated after 8 hours of CWI impairment. Therefore NIA1 and NIA2 transcript 
levels do not appear to be induced by isoxaben treatment. 
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Figure 4-30 QRT-PCR expression data for NIA1 and NIA2 after CWI impairment. 
NIA1 and NIA2 transcriptional induction over 24 hours of Isoxaben treatments determined by 
QRT-PCR. Data was normalized to the corresponding time-point mock-treatment and the reference 
gene PP2AA3. Error bars indicate standard error from the mean. 
 
In order to clarify the role of NO signalling during CWI impairment, lignin 
deposition was determined in the mutants affected in NO production (nia1, nia2 and 
nia1 nia2). Figure 4-31 demonstrates that neither nia1 nor nia2 seedling roots show 
any substantial changes in lignin deposition after CWI impairment. However, the 
double mutant genotype nia1 nia2 shows substantially reduced lignin deposition 
after 12 hours of CWI impairment. Therefore NIA1 and NIA2 appear to function 
redundantly and are required for lignin deposition after isoxaben treatment. 
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Figure 4-31 Lignin deposition in the root elongation zone of 6 day old A. thaliana nia1, nia2 and nia1 
nia2 mutant genotypes after CWI impairment. 
Lignin deposition was visualized using phloroglucinol after 12 hours of CWI impairment in 
nia1, nia2 and nia1 nia2 mutant genotypes. N=20 for one experimental repeat, 3 biological repeats 
performed per experiment. Images shown were selected at random from those taken for each 
genotype. Scale bar denotes 100μm. 
 
In order to follow on from the lignin phenotypes observed in nia1, nia2 and 
nia1 nia2 after CWI impairment (Figure 4-31), JA levels were determined in these 
mutants. Figure 4-32 demonstrates that both single mutants nia1 and nia2 show 
significantly reduced JA induction after CWI impairment. In addition, the double 
mutant nia1 nia2 shows an additive reduction in JA levels as compared to either 
single mutant. Therefore, it appears that NO is required for induction of JA by 
isoxaben treatment. However NO is not a critical inducer of JA signalling as even in 
the double nia1 nia2 mutant genotype JA is still significantly induced compared to 
mock levels. 
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Figure 4-32 JA induction in nia1, nia2 and nia1 nia2 mutant genotypes after CWI impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. nia1, nia2 and nia1 nia2 mutant genotypes were used. Values are average of 4 technical 
repeats, error bars denote standard deviation between technical repeats. Data above is one 
experimental repeat that is representative of the 2 experimental repeats performed. * denotes 
significance according to Student’s T-test, P≤0.05, compared to corresponding Col-0 control. 
 
As well as JA induction after CWI impairment, SA was also determined. Error! 
Reference source not found. demonstrates that SA is significantly induced in nia2, as 
compared to nia1 and nia1 nia2 in both isoxaben and mock samples. nia1 and nia1 
nia2 show no statistical significant difference from Col-0 treated seedlings and 
therefore have normal SA induction after CWI impairment. However, mock levels of 
SA for nia1, nia2 and nia1 nia2 are significantly elevated compared to Col-0. This 
data implies that NO is required to inhibit SA in normal seedlings. During CWI 
impairment only NIA2 is required.  
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Figure 4-33 SA induction in nia1, nia2 and nia1 nia2 mutant genotypes after CWI impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. nia1, nia2 and nia1 nia2 mutant genotypes were used. Values are average of 4 technical 
repeats, error bars denote standard deviation between technical repeats. Data above is one 
experimental repeat that is representative of the 2 experimental repeats performed. * denotes 
significance according to Student’s T-test between Col-0 and mutant genotypes, P≤0.05. 
 
In addition to determining lignin deposition and phytohormone induction in 
nia1 nia2 mutant genotypes RGI was also determined. This was performed to 
determine whether a loss of NO signalling from NIA1 and NIA2 results in a loss of RGI. 
Figure 4-34 shows that RGI still occurs in nia1 nia2 mutant genotypes after CWI 
impairment. Therefore NO derived from NIA1 and NIA2 is not required for RGI after 
isoxaben treatment. 
0?
100?
200?
300?
400?
500?
600?
700?
Col-0? nia1? nia2? nia1?nia2?
ng
?S
A
?/
g?
fr
ee
ze
?d
ri
ed
?w
ei
gh
t?
Isoxaben?
Mock?
*?
*?
*?
*?
 137 
 
Figure 4-34 RGI for nia1 nia2 during CWI impairment 
RGI after Isoxaben treatment with the mutant genotypes nia1 nia2. 0 and 24 hour RGI shown. N=20 
for one experiment. 3 biological repeats performed. Values represent average root length, error bars 
represent standard error. * Indicates significance from Col-0 24 hour control as determined by 
Student’s T-test (P≤0.05). 
 
As well as determining lignin deposition in NO mutant genotypes, 
pharmacological manipulation of NO levels was performed on seedlings undergoing 
CWI impairment. Figure 4-35 displays lignin deposition after isoxaben treatment and 
treatment with the NO donor sodium nitroprusside (SNP) and the NO scavenger 
carboxyl-PTIO (c-PTIO). Treatment with SNP shows dose dependent increases in 
lignin deposition after isoxaben treatment and at 60μM SNP intense lignin 
deposition is observed. In addition, treatment with the NO scavenger C-PTIO also 
results in enhanced lignin deposition staining the vasculature through the elongation 
zone of the root. The increase in lignin deposition observed after C-PTIO treatment 
was un-expected as nia1 nia2 seedlings exhibited reduced lignin deposition upon 
isoxaben treatment. These results suggest that NO levels might be in a fine balance 
and that perturbation regardless of increasing or decreasing NO levels result in 
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similar alterations in downstream phenotypes. In addition, it could also demonstrate 
that a non-NIA1 NIA2 NO signalling method is required to inhibit lignin deposition. 
 
 
Figure 4-35 Lignin deposition in seedlings with pharmacologically perturbed Nitric Oxide (NO). 
SNP was used at 15, 30 and 60μM to elevate NO levels. 0.5mM C-PTIO was used as a NO 
scavenger Lignin deposition was visualized using phloroglucinol after 12 hours of CWI impairment. 
N=20 for one experiment, at least 3 biological repeats performed per experiment. Images shown are 
randomly selected from those taken for each condition. Scale bar denotes 100μm. 
 
In addition to lignin deposition, JA levels were also quantified in treatments 
undergoing pharmacological NO manipulation and isoxaben treatment. Figure 4-36 
demonstrates that addition of the NO donor SNP increases JA levels in a dose 
dependent manner. Treatment with 60μM SNP results in significantly enhanced JA 
induction when compared to Col-0 after isoxaben treatment. In addition, treatment 
with the NO scavenger C-PTIO also results in enhanced JA induction after isoxaben 
treatment. Therefore NO levels are finely tuned and regulate JA levels after isoxaben 
treatment.  
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Figure 4-36 JA induction after CWI impairment in 6 day old A. thaliana seedlings which have 
undergone pharmacological manipulation of NO. 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. NO levels were perturbed by using SNP as a NO donor and C-PTIO as a NO scavenger. 
Values are average of 4 technical replicates, error bars denote standard deviation between technical 
replicates. Data above is one experimental repeat that is representative of the 2 experimental repeats 
performed. * denotes significance according to Student’s T-test, P≤0.05, compared to corresponding 
wild type control. 
 
SA levels were quantified in seedlings treated with dual isoxaben and 
pharmacological manipulation of NO. While it appears that SNP increases SA in a 
dose dependent manner, the data was not statistically significant compared to the 
control. In parallel, NO scavenging with C-PTIO did not statistically significantly alter 
the level of SA induced after CWI impairment. Therefore it appears that NO is not 
required for the regulation of SA induction by isoxaben treatment. 
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Figure 4-37 SA induction after CWI impairment in 6 day old A. thaliana seedlings which have 
undergone pharmacological manipulation of NO. 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. NO levels were perturbed by using SNP as a NO donor and C-PTIO as a NO scavenger. 
Values are average of 4 technical replicates, error bars denote standard deviation between technical 
replicates. Data above is one experimental repeat that is representative of the 2 experimental repeats 
performed. * denotes significance according to Student’s T-test, P≤0.05, compared to corresponding 
wild type control. 
 
To conclude, NO is involved in CWI signalling after CWI impairment. This is 
demonstrated by the perturbed lignin deposition, JA and SA levels in NO mutant 
seedlings and perturbed lignin deposition and JA levels after pharmacological 
manipulation of NO. However, NO is not a key signal, inducing responses to CWI 
impairment as all of the phenotypes indicative of CWI impairment still occur, albeit 
at lower levels. Here I define a key signal as one which is required for induction of 
downstream responses after isoxaben treatment. ROS is a key signal, as it is required 
for inhibition of JA levels and lignin deposition after isoxaben treatment. Therefore 
NO is required to modulate the response to CWI impairment but does not induce it.  
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4.3.5 Involvement of the stretch activated Ca2+ MCA family 
of channels in CWI impairment. 
The mechano-sensitive MCA channels represent the strongest functional 
evidence that yeast and plant CWI detection and signalling may be similar. A. 
thaliana contains two MCA channels, MCA1 and MCA2. In order to determine if they 
are involved in the CWI sensing and signalling, CWI impairment was induced in wild-
type and mutant seedlings and lignin deposition, phytohormone as well as root 
growth inhibition assessed.  
 
Figure 4-38 Lignin deposition in mca1, mca2 and mca1 mca2 6 day old A. thaliana root elongation 
zone after CWI impairment 
Lignin deposition was visualized using phloroglucinol after 12 hours of CWI impairment. mca1, mca2 
and mca1 mca2 mutant genotypes were used. N=20 for one experiment, 3 experimental repeats 
performed. Scale bar denotes 50μm. 
 
Figure 4-38 shows lignin deposition in mca1, mca2 and mca1 mca2 seedlings 
after 12 hours of CWI impairment. mca1 seedlings show less lignin upon isoxaben 
treatment compared to wild-type controls. However, mca2 seedlings show no 
difference in lignin after CWI impairment. Interestingly, mca1 mca2 seedlings exhibit 
increased lignin content when compared to the wild type control. MCA1 and MCA2 
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have different locations of expression and display different functions during growth 
and mechanical perception (Yamanaka et al., 2010), therefore this could explain the 
disparity in lignin phenotypes observed. 
 
Figure 4-39 JA levels in mca1, mca2 and mca1 mca2 6 day old A. thaliana seedlings after 7h of CWI 
impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours of CWI 
impairment. mca1, mca2 and mca1 mca2 mutant genotypes were used. Values are average of 4 
technical repeats, error bars denote standard deviation between technical repeats. Data above is one 
experimental repeat that is representative of the 3 experimental repeats performed. * denotes 
significance according to Student’s T-test, P≤0.05, compared to corresponding wild type control. 
 
In addition to lignin deposition, the phytohormone JA was quantified in mca1, 
mca2 and mca1 mca2 seedlings treated with isoxaben for 7h. Figure 4-39 shows that 
the level of JA induced in mca1 and mca2 seedlings is reduced upon CWI impairment. 
While in mca1 mca2 seedlings, wild type levels of JA are detectable that are not 
statistically different. This disparity between the single and double mutant JA 
induction matches the lignin deposition phenotype observed. It appears that mca1 
mca2 mutants do not show an additive effect of the two mutant genotypes but 
rather display wild-type levels of JA induction. This could be due to different roles of 
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the proteins during developmental regulation, for example each has been shown to 
control Ca2+ levels in different ways. 
 
Figure 4-40 SA levels in mca1, mca2 and mca1 mca2 6 day old A. thaliana seedlings after 7h of CWI 
impairment 
White values indicate CWI impaired samples, hashed mock. Samples harvested after 7 hours 
of CWI impairment. mca1, mca2 and mca1 mca2 mutant genotypes were used. Values are average of 
4 technical repeats, error bars denote standard deviation between technical repeats. Data above is 
one experimental repeat that is representative of the 3 experimental repeats performed. * denotes 
significance according to Student’s T-test, P≤0.05, compared to corresponding wild type control. 
 
As well as JA, SA phytohormone levels were also quantified in mca1, mca2 
and mca1 mca2 seedlings. Figure 4-40 shows that mca1 and mca1 mca2 seedlings 
exhibit enhanced levels of SA compared to wild type in mock conditions. After 
isoxaben treatment mca1 and mca1 mca2 seedlings have significantly increased SA 
levels compared to the control. In parallel, mca2 seedlings display significantly 
reduced levels of SA in mock treated controls but similar SA levels as the isoxaben-
treated wild-type control. These results suggest that MCA1 and MCA2 activities 
affect SA levels. However, it remains to be determined if these effects are connected 
to perception of CWI impairment since the mock-treated mutant seedlings already 
exhibit enhanced SA compared to wild-type. 
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Figure 4-41 RGI for mca1 mca2 during CWI impairment in 6 day old A. thaliana seedlings. 
RGI after Isoxaben treatment with the mutant genotypes mca1, mca2 and mca1 mca2. 0 and 
24 hour RGI shown. N=20 for one experiment. 3 biological repeats performed. Values represent 
average root length, error bars represent standard error. * Indicates significance between 0 and 24 
hour root lengths as determined by Student’s T-test (P≤0.05). 
In addition to lignin deposition and phytohormone measurements RGI was 
measured in mca1 mca2 seedlings during CWI impairment. Figure 4-41 shows that 
mca1 mca2 roots are longer than the wild-type control and behave similarly like the 
wild-type control upon treatment with isoxaben. 
In conclusion, MCA1 appears to have a role in lignin deposition and JA 
induction upon CWI impairment, whereas mca2 shows normal lignin deposition and 
reduced JA induction. Interestingly the double mutant mca1 mca2 displays enhanced 
lignin deposition (figure 4-38) and normal JA induction (figure 4-40). Additionally 
MCA1 regulates basal SA levels in the seedling, as in mutant genotypes SA levels are 
enhanced in mock conditions. Therefore MCA1 and MCA2 both function in CWI 
impairment, affecting different phenotypes. MCA1 regulates lignin deposition, JA 
induction and SA and MCA2 regulates JA and SA induction.  
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4.4 Discussion. 
4.4.1 Phytohormone induction by CWI impairment 
Phytohormone induction has been demonstrated previously in mutant 
genotypes for cellulose synthesis (Ellis and Turner, 2001; Caño Delgado et al., 2003) 
and during CWI impairment with isoxaben after 12 hours (Hamann et al., 2004). 
Results from transcript profiling using microarray analysis suggested that AOS and 
SID2 are transcriptionally up-regulated by isoxaben treatment. In order to confirm 
the induction of SID2 transcription after CWI impairment, QRT PCR was also 
performed. Both microarray analysis and QRT-PCR showed that AOS and SID2 were 
induced after 4 hours of CWI impairment (AOS up-regulation demonstrated in 
Denness et al., 2011). 
The gene expression data implied that JA and SA are involved in CWI 
signalling. Previous work had shown that JA and SA are induced by isoxaben 
treatment after 12 hours (Hamann et al., 2004). JA and SA levels were quantified 
over 12 hours, every hour, in order to determine when phytohormone levels 
increase and the characteristics of JA and SA signalling after CWI impairment.  
JA levels were increased after 3 hours of isoxaben treatment and reached a 
plateau after 8 hours of treatment. This plateauing of JA levels also correlates with a 
plateau of AOS expression after 8 hours of CWI impairment (Figure 4-1 Figure 4-6 
(Denness et al., 2011)). SA level were increased significantly after 5 hours and keep 
increasing throughout the 12 hours of CWI impairment, not plateauing (i.e. not like 
JA).  
JA and SA have been shown to act antagonistically towards each other (Vlot 
et al., 2009). However, cases of synergism have also been described (Mur, 2005). 
Synergistic properties of the two hormones have been shown to increase 
transcription of defence genes (Mur, 2005). Interestingly, the antagonistic actions of 
the two hormones were shown when treated with high concentrations of either 
phytohormone, when more physiologically relevant lower concentrations were used, 
synergism between both signals was observed (Mur, 2005). Increased biosynthesis of 
both JA and SA has been demonstrated at the transcriptional and hormone level 
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during CWI. The initiation of both of these phytohormones implies that they are not 
antagonistic but the time course data demonstrates that JA is required for 
subsequent SA induction during CWI impairment. This pattern of JA preceding SA 
induction has been previously observed during SAR (Truman et al., 2007; Truman et 
al., 2010). 
The rise of JA and SA levels observed could represent the initiation of 
systemic acquired resistance (SAR) signalling, originating from CWI impaired tissue, 
throughout the seedling. CWI impairment by isoxaben only induces cell wall damage 
in elongating tissue while phytohormone measurements were performed on the 
whole seedling. In order to demonstrate SAR is induced, hormone quantification 
needs to be performed in separated elongation zones and the rest of the seedling. In 
addition a SAR assay can be performed with virulent bacterial, determining bacterial 
population counts in inoculated leaves that are treated after isoxaben treatment in 
distal parts of the plant (Jing et al., 2011). SAR is usually induced by pathogen 
infection of one section of a plant, leading to increased JA and SA levels and 
resistance in a distal section of the plant (Vlot et al., 2009). For this to happen during 
CWI impairment implies that PAMPs from the pathogen might not be the only signal 
that the plant monitors and uses to defend against infection. CWI signalling might 
function as a key regulator of stress responses in plants, affected by biotic and 
abiotic stresses and ultimately able to induce SAR. The constant arms race amongst 
pathogens and plants means that PAMP based detection can be perturbed. However, 
cell wall penetration or digestion is a method of pathogen infection and one that can 
occur during pathogenesis. Plants might have evolved CWI signalling as another as 
yet under-investigated redundant method of determining the state of the plant and 
detect biotic / abiotic stresses by detecting changes in the cell wall.  
In the context of timing, changes in JA levels after 3 hours appear to be a 
later signalling event during CWI impairment, as loss of CESA complexes from the 
plasma membrane after isoxaben treatment occurs within 20 minutes (Paredez et 
al., 2008). Is JA and SA induction an early or late signalling event during CWI 
impairment? Although it is known that isoxaben mechanistically results in loss of 
CESA complexes from the plasma membrane, it is not known when this is perceived 
by the plant cell. However after the loss of CESAs, the cell needs to continue 
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elongating and it would take time for the loss of CESAs and continued elongation to 
cause changes in turgor pressure, structural strain on the cell wall and bulging of the 
cells. Therefore it is possible that JA and SA induction are the early signals during 
CWI impairment. 
 
4.4.2 A signalling network involving ROS, Ca2+ JA, SA & NO 
functions during CWI impairment signalling 
The main aim of the work presented in this section was to uncover signalling 
elements that function during CWI signalling. Using isoxaben, CWI signalling can be 
determined specifically by inhibiting cellulose biosynthesis in a highly defined spatial 
area (elongating tissue). This approach reduces artefact signalling that could occur 
during other methods of cell wall disruption, such as PAMP perception if pathogen 
infection or pathogen derived cellulose is used. ROS, JA, SA Ca2+ and NO signalling 
has been linked to cell wall signalling previously (Ellis, 2002; Huang et al., 2004; 
Hamann et al., 2009; Denness et al., 2011). However, the advantage of this study is 
that we characterise signals in the same tissue over a similar time course with a very 
defined method of CWI impairment and standardised downstream readouts. Two 
fast acting, diffusible signals were examined (ROS and NO) and two more longer 
lasting and long distance signals were investigated (JA & SA). 
ROS has been shown to have a role in pathogen signalling, cell death and 
different developmental and stress responses (Swanson and Gilroy, 2010; Mittler et 
al., 2011; Suzuki et al., 2011). In addition, ROS has demonstrated signalling 
properties during mechanical stress and cell wall perturbation (Hamann and 
Denness, 2011; Hamann, 2012; Nühse, 2012). Previously the NADPH oxidase RBOHD 
had been shown to have a role in CWI impaired lignin deposition (Hamann et al., 
2009). Building on that, rbohd/f lines were used here and displayed a complete loss 
of lignin deposition during CWI impairment (Figure 4-11). Therefore ROS produced 
by NADPH oxidases are critical for lignin deposition during CWI impairment in A. 
thaliana. The role of peroxidases and ROS production / signalling was also 
determined. There has been some controversy as to whether NADPH oxidases are 
essential for signalling or for polymerisation of lignin, which requires ROS in a late 
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step during its production (Vanholme et al., 2010a; O'Brien et al., 2012). In order to 
investigate the role of peroxidases in CWI signalling and the relationship between 
peroxidases and NADPH oxidases, peroxidase action was inhibited using SHAM and 
KCN (Bestwick et al., 1997; Tsukagoshi et al., 2010). Inhibition of peroxidase action 
with SHAM resulted in a substantial decrease in lignin deposition after CWI 
impairment while JA production was reduced but not abolished. Crucially, 
manipulation of peroxidase function with the pharmacological methods described 
did not result in abolition of either JA or SA, which did occur when using the NADPH 
oxidase inhibitor DPI. KCN treatment resulted in inhibition of lignin deposition but 
also had low level JA induction after isoxaben treatment. Therefore, the data 
presented here suggests that ROS derived from NADPH oxidases is required to 
induce lignin deposition during CWI impairment. Peroxidases are required to 
enhance the signal, however they are not required for initial induction of JA and SA 
after CWI impairment. It is un-clear from the observations made here as to whether 
the loss of lignin deposition in the peroxidase inhibited seedlings was due to a loss of 
ROS signalling, or simply a loss of radicals required to induce lignin polymerization. 
However, the reduction of JA induction in peroxidase treated lines indicates that 
peroxidases do have a signalling role during CWI impairment. However, NADPH 
oxidases are fundamentally required for responses to CWI impairment as in the 
rbohd/f mutant genotype no lignin deposition was observed.  
ROS increases during CWI impairment have been postulated to occur in the 
root tip and elongation zone (Denness et al., 2011). This was tested here using a 
reporter line for OXI1::GUS and the H2O2 probe HyPer. OXI1 is inducible by H2O2, 
therefore, it can be used as a reporter for ROS downstream signalling. OXI1::GUS 
induction occurred in the elongation zone of the root and was clearly visible after 12 
hours of CWI impairment, staining was enhanced after 24 hours (Appendix I). These 
results provide further support that H2O2 signalling occurs in the elongation zone of 
the root during CWI impairment upon treatment with isoxaben. GUS staining was 
only observed in the root elongation zone in isoxaben treated seedlings. In addition 
the results from HyPer imaging demonstrated H2O2 increases at the plasma 
membrane of cells undergoing CWI impairment in the elongation zone of the root. 
Localisation of the H2O2 increases fit with the localisation of RBOHD/F and that 
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stretching of the membrane would occur after CWI impairment. After this 
experimental work had been performed it was discovered that HyPer is pH sensitive, 
a change in pH results in reduced fluorescence of the transgenic probe (Roma et al., 
2012). As pH changes have been demonstrated during mechano-sensing in plants 
(Monshausen et al., 2009), it is probable that CWI impairment also results in changes 
in pH. However roGFP (redox sensitive green fluorescent protein) while not being 
H2O2 specific (it detects changes in thiol/disulphide intracellular redox equilibrium) 
has little interference from changes in pH (Roma et al., 2012). Therefore, future work 
could use roGFP to characterise early ROS signalling in the elongation zone of the 
root. roGFP could allow detection of the early ROS signalling events which were un-
detectable with HyPer imaging. 
In addition to ROS produced by NADPH oxidases and peroxidases, Ca2+ is also 
required for regulation of lignin deposition during CWI impairment. Ca2+ is one of the 
most pervasive signals occurring in organisms across all kingdoms. Its involvement in 
plant signalling cascades encompasses all processes that occur in planta (Dodd et al., 
2010). The involvement during CWI impairment is no exception. Treatment with Ca2+ 
chelators (EGTA) or Ca2+ transport inhibitors (LaCl3 and Nifedipine) results in a 
complete loss of response to CWI impairment (Denness et al., 2011). It was also 
demonstrated here that intact Ca2+ signalling is required upon CWI impairment for 
induction of downstream JA & SA production. Staggered inhibition of Ca2+ signalling 
after CWI impairment inhibits subsequent JA or SA induction. This demonstrates that 
Ca2+ signalling is required throughout CWI impairment in order to increase JA and SA 
levels. Extracellular Ca2+ levels are much higher than intracellular levels, most Ca2+ 
signals involve the opening of Ca2+ channels, subsequent increases in Ca2+ and then a 
return to normal Ca2+ levels. The signal being produced is interpreted based on its 
frequency, intensity and location (Dodd et al., 2010). The staggered inhibition data 
described here demonstrates that the Ca2+ signal always needs to be ‘on’ in order to 
induce downstream processes. As mentioned previously, NADPH oxidases RBOHD&F 
contain E-F hands, which bind Ca2+, regulating activity of the NADPH oxidases jointly 
with phosphorylation (Takeda et al., 2008).  Therefore Ca2+ is a critical signal required 
for CWI signalling. In addition mca1 mutant genotypes display reduced lignin 
deposition and JA production upon CWI impairment. mca2 seedlings in parallel 
 150 
display normal lignin and reduced JA production upon isoxaben treatment. The 
double mca1 mca2 mutant genotype shows increased lignin deposition and normal 
levels of JA. This difference between mutant genotypes is initially puzzling. However, 
MCA1 and MCA2 are expressed in different areas of the plant and exhibit different 
loss of function phenotypes (Yamanaka et al., 2010). MCA1 is required for perception 
of agar-hardness and is required for seedling roots to perceive a change in growth 
medium hardness and pass through it while MCA2 is required for normal Ca2+ levels 
throughout the seedling (Nakagawa et al., 2007). The differences in gene expression 
and biological functions imply that the two genes have different roles in the plant. 
Although MCA2 was able to rescue a yeast mid1 line, its role in mechano-perception 
has not been demonstrated in planta as of yet. In addition, neither single nor the 
double mutant has a complete loss of signalling during CWI impairment. This 
suggests that redundancy exists caused by other stretch activated Ca2+ channels. 
Candidates giving rise to such redundancy could be the MSLs. MSL9 & 10 are located 
at the plasma membrane and could be involved in CWI sensing and signalling as they 
have been shown to respond to stretching of the membrane (Haswell et al., 2008). 
However, a quadruple mutant in all of the MSLs does not show any significant 
phenotypes when exposed to osmotic stress (Haswell et al., 2008).  
The data presented here demonstrates that Ca2+ signalling is fundamentally 
required for CWI signalling. However, the channels involved in Ca2+ signalling appear 
to be highly redundant, as shown by the mca1 mca2 data. This redundancy is logical 
from a signalling point of view. Although redundant for global responses, each 
channel could sense slightly different conditions and this complexity could account 
for the wide variety of processes Ca2+ signalling is involved in. 
JA signalling has been primarily implicated in necrotrophic pathogen infection, 
which involves degradation of the cell wall and plant death (McConn et al., 1997). JA 
induction has also been described during OGA perception and CWI impairment (Ellis, 
2002; Hamann et al., 2009). Here the JA signal was described and is shown to 
increase after 3 hours until reaching a peak level at 8 hours and then plateauing. This 
JA signal is induced rather late after CWI impairment. Isoxaben results in the loss of 
CESA proteins from the plasma membrane after 20 minutes (Paredez, 2006). In 
addition JA induction can occur extremely quickly at levels up to 1μg /g freeze dried 
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weight have been reported 60 minutes after wounding (Browse, 2009). Therefore 
why is the JA induction so slow upon CWI impairment? It could be due to the fact 
that a loss of CESAs might not result in a perceived change until after a threshold 
level of damage / membrane stretching has occurred. Although cellulose 
biosynthesis is impaired the structural integrity of the cell wall could remain viable 
for a period until the turgor pressure causes structural failure of the cell wall. 
Furthermore the slow JA induction could be due to a dampened response to cell wall 
stress. In a normal physiologically relevant plant environment cell stress and changes 
in turgor pressure would be continually occurring due to wind movement (and other 
environmental factors) and growth characteristics of the plant. In order to not 
constantly be on alert there might be a threshold level of mechanical stress that is 
required before JA induction occurs. Additionally, JA induction was shown to require 
an early stage ROS signal, therefore JA induction could require earlier signalling 
events to have occurred which then result in JA increases. Apoplastic ROS levels 
increase after 4 hours of treatment with ACC (De Cnodder et al., 2007). Therefore it 
appears that a threshold level of mechanical stress must be perceived before CWI 
signalling is induced. In addition to the increase in JA levels, JA is required for 
inhibition of lignin deposition and inhibition of root growth during CWI impairment. 
JA biosynthetic or signalling loss-of-function mutants result in on-going root growth 
and a loss of RGI upon CWI impairment. This observation confirms those previously 
made which indicate that the loss of cellular elongation is not due to the impaired 
cell wall, but rather an inhibition of root growth by the plant (Tsang et al., 2011). 
These events correlate with the timing of JA signalling. Lignin deposition is observed 
after 7 hours of CWI impairment, therefore a JA induction after 3 hours, peaking at 8 
hours, could regulate early-lignin deposition during CWI impairment. In addition, JA 
is required for RGI, an induction after 4 hours means that inhibition of root growth 
occurs when the stress of a loss of CWI has been occurring for hours. This temporal 
threshold in signalling is logical as before inhibition of growth the plant would want 
to make sure that the stress being perceived is of sufficient nature to warrant a halt 
of cellular differentiation and elongation. In conclusion, JA is a key signal involved in 
CWI impairment and is induced late after the onset of CWI impairment possibly to 
reprogram the organism on a global scale.  
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In addition to JA, SA was shown to be important to CWI signalling during CWI 
Impairment. SA levels increased after 5 hours and continued rising until 12 hours. In 
addition, SA is required for inhibition of lignin during CWI impairment. 
Pharmacological treatment with SA show reduced lignin deposition and mutant 
genotypes perturbed in SA biosynthesis show increased lignin deposition. The 
constant increase in SA signalling could mean that SAR has been induced throughout 
seedlings undergoing CWI impairment. All pathogens have to penetrate the cell wall 
in order to infect the plant, linking SAR to cell wall perturbations could be the first 
line of defence or the first detectable stimulus that pathogen attack is occurring.  
In addition to ROS, JA and SA, NO also has a role in signalling during CWI 
impairment. Lignin deposition in the mutant genotype nia1 was reduced compared 
to wild-type and the double mutant nia1 nia2 showed substantially reduced lignin 
deposition. In addition, JA induction was reduced in all NO mutant genotypes, nia1 
nia2 showed an additive effect with substantially reduced JA induction after CWI 
impairment. Therefore NO appears to function in a similar manner to SA, it is 
required for normal lignin deposition and it appears to induce lignin deposition and 
JA induction. This is supported by recent work that showed that NO levels increased 
in response to OGAs (Ye et al., 2012).  
The work described demonstrates that a signalling network exists in A. 
thaliana In order to detect and respond to CWI impairment. This signalling network 
involves ROS generated from multiple sources, NO generated from nia1 and nia2, JA 
and SA and Ca2+. These signals are all involved in the modulation of lignin deposition 
and JA induction during CWI impairment. However, are they linked and can they 
regulate each other?  
   
4.4.3 Bi-phasic ROS signalling 
The best-characterised ROS signal in plants is the oxidative burst that occurs 
in response to PAMP perception and pathogen infection. The oxidative burst 
requires the NADPH oxidases RBOHD&F and may also involve peroxidases (O'Brien et 
al., 2012). Here I describe a bi-phasic oxidative burst as also vital for CWI impairment 
signalling. The secondary burst is produced by RBOHD/F (Denness et al., 2011) and is 
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required for inhibition of JA levels and induction of lignin deposition. However, I also 
demonstrate that an initial burst occurs which is required for JA induction, and 
finished within 2 hours after the initial stimulus. Bi-phasic signalling can be explained 
in the context of the plants perception and subsequent reactions to CWI impairment. 
Plants are always undergoing environmental stresses, therefore the inappropriate 
induction of defence signals and lignin deposition would be detrimental to plant 
growth and survival if they were constantly active. The initial ROS burst could be 
produced by cells undergoing CWI impairment at a low-level. The initial burst only 
activates downstream signalling pathways after a few hours of constantly perceiving 
the stress stimulus (JA and a later ROS burst). This temporal displacement of signals 
is beneficial to the plant as it means global defence responses and lignin deposition 
are only activated in response to pro-longed CWI impairment and are not induced all 
of the time. 
As well as bi-phasic ROS signalling, NO has also been described to signal in a 
bi-phasic manner during resistant plant –pathogen infections (Rasul et al., 2012). As 
it has been demonstrated here that NO has a role in the response to CWI 
impairment, it is plausible that NO signals in a bi-phasic manner here as well. 
However, in order to prove that conclusively NO imaging and quantification needs to 
be performed. 
Bi-phasic ROS signalling occurs during PAMP perception and here we 
demonstrate it occurs during CWI impairment. This bi-phasic ROS signal induces 
other defence signals and lignin and regulates them in order to produce a highly 
orchestrated response to CWI impairment.  
4.4.4 Cross-talk of different signalling components 
As well as being involved in the response to CWI impairment, the signals 
investigated appear to regulate the levels of each other. This regulation and cross-
talk of signals is indicative of a signalling network which is able to integrate a wide 
variety of information from a variety of sources / signals and determine a specific 
outcome. The interactions of all of the different signals investigated here with each 
other will be discussed below. 
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ROS signalling has been demonstrated to have a role in cross talk with JA. 
When ROS signalling via RBOHD/F is perturbed, JA levels are increased, 
demonstrating that late stage ROS is required to inhibit JA levels. In addition, 
pharmacological application of JA during CWI impairment reduces the level of ROS 
produced (Denness et al., 2011). Therefore these two signalling elements can 
regulate each other. A non-RBOHD/F ROS signal is initially required for JA induction, 
however RBOHD/F derived ROS is required later on in order to reduce JA levels, 
further complicating the interplay between JA and ROS. Furthermore, these two 
signals seem to have antagonistic effects on lignin deposition with ROS inducing it 
and JA inhibiting it. Lignin deposition seems to be regulated by a fine balance 
between ROS and JA signalling in the tissue at the same time (as implied by OXI1 & 
PDF1.2::GUS staining in the elongation zone). JA is produced from oxidation of 
linoleic acid. Oxidation of lipids has been implied to be an ancient signal of damage 
produced during stress responses (Mueller, 2004). As ROS is a form of free radical, it 
is possible that the signalling cross-talk which occurs between ROS and JA could be 
an ancient mechanism which regulates the response to stress. Interestingly, JA 
application induces H2O2 accumulation in leaves (Orozco-Cardenas and Ryan, 1999; 
Orozco-Cárdenas et al., 2001). This suggests a complex relationship between ROS 
and JA and they could have differing effects on each other depending on the type of 
stimulus, tissue type and the developmental stage of the plant.   
In addition to ROS signalling being able to modulate JA levels, ROS can also 
modulate the levels of SA. Figure 4-20 demonstrates that inhibition of ROS signalling 
with DPI abolishes later SA increases. This is not the case with the rbohd/f mutant 
genotype that is not required for the normal levels of SA induction. Therefore a DPI –
sensitive non-RBOHD/F ROS signal is required for induction of SA. Unlike CWI-
induced JA, SA requires a constant ROS signal in order to elevate levels. However, JA 
only requires a signal between 0-2 hours. Therefore, in the context of CWI 
impairment signalling ROS and SA seem more entwined than ROS and JA as ROS 
signalling from NADPH oxidases is constantly required to maintain increasing SA 
levels. In addition, SA levels might manipulate ROS levels. During pharmacological 
treatment with SA treatment, lignin deposition was reduced. This could be due to 
reduction in ROS levels. However, in order to definitively demonstrate this, 
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quantification of ROS production during SA treatment and CWI impairment is 
required. The relationship between ROS and SA is complex, and this is reflected in 
the literature. However, the current state of thought is that the ROS and SA form a 
positive feedback loop with both signals amplifying the production of each other 
(Vlot et al., 2009). This is best demonstrated by the first SA binding protein that was 
identified as a catalase. Binding of SA to the catalase inhibited its activity, therefore 
increasing levels of H2O2 (Vlot et al., 2009). Therefore ROS and SA seem intimately 
linked during CWI impairment. Given that JA has been shown to inhibit ROS levels 
during CWI impairment (Denness et al., 2011), could JA regulate SA in this way? This 
remains to be investigated. 
In addition to ROS interactions with JA and SA, ROS has also been 
demonstrated to interact with NO. Recent evidence implies that ROS and NO can 
function synergistically. H2O2 is an inducer of NO production via NIA1 and NIA2. 
Subsequently NIA2 interacts with MAPK6, activating downstream signalling (Wang et 
al., 2010). Therefore, it would appear that H2O2 regulates subsequent NO induction 
and activation of downstream responses. However the situation is not clear-cut. NO 
has been demonstrated to alter ROS levels by S-nitrosylation regulation of NADPH 
oxidases and regulation of cell death (Yun et al., 2012). In addition NO induction 
observed during OGA treatment is independent of NADPH oxidase derived H2O2 
(Rasul et al., 2012). It is tempting to presume that during CWI impairment NO and 
ROS function synergistically due to their similar effects on lignin deposition if either 
are perturbed. However, NO induction during CWI impairment has not been 
conclusively demonstrated, only alterations in lignin levels of biosynthetic mutants 
has been observed. Therefore, further work is required to determine the relationship 
of ROS and NO and there combined effects on CWI signalling. DPI treatment inhibits 
NADPH oxidase activity and lignin deposition, JA and SA induction. However, while 
DPI is widely used as an inhibitor of NADPH oxidases, it has also been shown to 
inhibit NO synthases (NOS) in macrophage and endothelial cells (Gross et al., 1990). 
Therefore, given that an early ROS non-RBOHD/F DPI –sensitive signal is required to 
induce initial JA levels, this could in fact be a NO signal. However, seedlings treated 
with the NO scavenger C-PTIO displayed lignin deposition and phytohormone 
induction after CWI impairment. However JA is still induced in all NO treatments, 
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albeit at lower levels. Therefore NO is not the initial signal in CWI impairment. To 
conclude, further work is needed to determine whether ROS or NO are initially 
required for induction of CWI impairment signalling. 
Cross-talk between JA and SA is classically thought to be antagonistic 
(Browse, 2009). However, recently this dogmatic view has been cast into doubt 
(Truman et al., 2007; Truman et al., 2010). Observations relying on antagonistic 
interactions between JA and SA usually involved application of JA or SA in the mM 
range and then determining the levels of each hormone or activation of JA/SA 
responsive genes (Vlot et al., 2009). More recently the view has developed that JA 
and SA could function in unison, with JA being induced before SA and being required 
for SA induction and downstream responses (Truman et al., 2007; Truman et al., 
2010). JA has been shown to be the mobile signal vital for induction of SA and SAR 
(Truman et al., 2007). During CWI impairment it has been observed that JA is 
induced prior to SA production. In addition JA levels plateau at 8 hours while SA 
accumulation continues to increase. This fits a model previously proposed during 
SAR where JA increases initiate SA signalling. JA then represses its own production 
via degradation of JAZ domain containing proteins and levels begin to fall (Truman et 
al., 2010). SA levels on the other hand increase, causing SAR throughout plant tissue. 
This fits the JA and SA time course data presented previously (Figure 4-6 and Error! 
Reference source not found.). Therefore it appears that JA and SA act in unison 
during CWI impairment. This is confirmed by observations that aos mutants induces 
less SA during CWI impairment, if the relationship was purely antagonistic then the 
loss of JA in the biosynthetic mutant aos should result in increases in SA production 
during CWI impairment.  
Conjugation between JA and ACC has also been observed. This conjugation 
has been performed in-vitro using JAR1 and JA-ACC has also been detected in-vivo in 
seedlings (Staswick, 2004). This conjugation could be involved in the cross-talk 
between JA and ethylene signalling pathways, as ethylene has been shown to be 
involved in CWI impairment signalling (Ellis, 2002). However, it could also be due to 
cross talk between JA and ACC as a signal in its own right (Tsang et al., 2011). 
Interestingly, work described here indicates that disruption of JA biosynthesis or 
signalling results in loss of RGI during CWI impairment, (Tsang et al., 2011) 
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demonstrated that loss of ACC signalling also resulted in a loss of RGI. Therefore it is 
reasonable to speculate that the JA-ACC conjugate is required for inhibition of root 
growth during CWI impairment. However, JA-ACC has been shown to have no root 
inhibitory effects (Staswick, 2004). Therefore further work linking these two signals is 
required.  
Cross talk between JA and NO has also been previously observed. Me-Ja can 
induce NO production in guard cells (Munemasa et al., 2011). Furthermore, 
treatment of Hypercium perforatum cells with elicitors from the fungus Aspergillum 
niger induces both JA and NO, with JA being produced downstream of NO (Xu, 2005). 
Here I have shown that inhibition of NO signalling with C-PTIO prevents JA induction. 
In addition, NO and JA are induced during wounding and treatment with NO induces 
expression of JA biosynthetic genes (Huang et al., 2004). Conversely NO has also 
been shown to down-regulate wounding induced genes (Orozco-Cárdenas, 2002). 
Therefore it appears that depending on the cell type, signalling pathway and 
developmental stage that JA and NO can regulate each other’s production and 
signalling both synergistically and antagonistically. Data presented above 
demonstrates that NO has a role in regulating JA production during CWI impairment. 
The nia1 nia2 mutant genotype displays a loss of lignin deposition and significantly 
reduced JA induction compared to wild-type levels. This implies that NO is required 
for normal induction of lignin and JA. Counter intuitively however, complete loss of 
NO signalling with the scavenger C-PTIO results in increased lignin and JA. This could 
be due to pleiotropic effects of C-PTIO and its interference with other signals. C-PTIO 
has been shown to artificially increase fluorescence of the dye DAF-FM-DA (Vandelle 
and Delledonne, 2008) due to reduction of the dye. Therefore pleiotropic effects of 
C-PTIO have been previously described. Another possibility is that C-PTIO results in 
complete abolition of NO signalling and a non-NIA1/NIA2 based signal is required for 
some aspect of negative JA regulation. This remains to be investigated.  
SA and NO have been shown to have the ability to modulate each other in a 
positive feedback loop. Applied NO results in accumulation of SA, conversely SA 
induction of SAR requires NO signalling (Wendehenne et al., 2004; Grun, 2006). In 
addition, applied SA induces NO signalling during stomatal closure (Hao et al., 2010). 
However, during CWI impairment, NO mutant genotypes and NO pharmacological 
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manipulation do not result in alterations in SA levels. Therefore NO does not appear 
to be required for SA induction or modulation during CWI impairment. However, 
investigating the role of SA signalling on NO induction has not been performed. It is 
possible that SA could regulate NO signalling. 
As well as the signals mentioned above and investigated during this study, 
ACC also appears to be an integral signal involved in regulating the response to CWI 
impairment (Tsang et al., 2011). However, ACC additionally regulates auxin and ROS 
signalling and these signals are required for ACC to affect the downstream response 
of loss of root elongation. Therefore, future work requires the investigation of the 
involvement of ACC in CWI sensing and signalling.  
To conclude, many signalling elements are involved in the response to CWI 
impairment and these signals regulate each other’s production. Therefore the 
available data suggest a signalling network exists in A. thaliana that modulates 
downstream responses to CWI impairment (Figure 4-42).  
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4.4.5 A model for CWI impairment signalling in A. thaliana.  
Based on the data presented and evidence available in the literature a model 
for CWI impairment signalling has been developed which is described below (Figure 
4-42). It must be noted that the timepoints described could be specific to the 
experimental system used, however, we believe them to be similar throughout many 
types of CWI impairment. 
 
 
Figure 4-42 A model for CWI signalling in A. thaliana. 
Based on the data described here the following model of CWI signalling during CWI 
impairment can be deduced. An early stage signalling event between 0-2 hours involves DPI sensitive 
ROS and Ca2+ signalling. Later signalling (between 3-8 hours after CWI impairment) involves RBOHD/F 
derived ROS, JA, SA & NO. Additionally, these signals can ‘cross-talk’ and form a signalling network, 
fine tuning the response to CWI impairment. This work is additionally described in (Denness et al., 
2011). 
Isoxaben?
treatment?
ROS? Ca2+?
ROS? JA? SA? NO?
Lignin?deposi on?
Early?stage?
0-2?hours?
Late?stage?
3-8?hours?
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- CWI impairment (caused by isoxaben treatment) results in a loss of CESA 
complexes from the cell wall within 20 minutes (Paredez, 2006). An early DPI 
sensitive signalling event, which is RBOHD/F independent, occurs between 1-
2 hours (Figure 4-42). In addition, Ca2+ signalling is required both during early 
and late stages throughout CWI impairment.  
- After 3 hours a late ROS signal produced by RBOHD/F is detected (Denness et 
al., 2011). In addition JA levels begin to increase after 3 hours. These signals 
modulate each other antagonistically and determine the level of lignin 
deposition. JA is required for subsequent SA induction. 
- After 5 hours SA levels begin to increase, SA levels can negatively regulate the 
level of lignin deposition as well. SA levels require constant Ca2+ and ROS 
signalling in order to keep increasing. SA and JA act in unison to reduce lignin 
deposition as abolition of either signals results in increased lignin deposition. 
- After 7 hours the first signs of lignin deposition can be observed.  
- After 8 hours JA levels peak and begin to plateau, SA levels keep increasing.  
 
While the timings here are based on the observations reported, they might 
be different with differing types of CWI impairment. In addition to all of the signals 
described, NO is also required to positively regulate lignin deposition and JA levels. 
ACC is required to inhibit root elongation after 4 hours, possible achieving this 
through interaction with JA (Tsang et al., 2011). 
4.4.6 Further work 
This work establishes the foundation of a signalling network regulating the 
response to CWI impairment. However, much work is needed to conclusively prove 
that signalling elements identified can regulate each other. In addition, the ethylene 
levels must be quantified during CWI impairment as well as the effects of loss of 
ethylene signalling on the downstream readouts (lignin deposition, JA and SA 
induction) examined here must be determined. Furthermore, it has been 
 161 
demonstrated here that NO plays an important role in positively regulating lignin 
deposition and JA induction. However, the NO signal being produced has not been 
visualized, even though this is achievable with the fluorescent dye with DAF-FM-DA 
(Vandelle and Delledonne, 2008). Visualisation of NO signalling during CWI 
impairment could be performed at the same time as ROS detection using c-HyPer 
and DAF-FM-DA. This would allow spatial and temporal characterisation of these two 
signals during CWI impairment. In addition, only cytosolic ROS levels have been 
determined and visualised using HyPer. Using dyes such as BSA-H2DCFDA, which 
cannot enter the cell but stay in the apoplast, visualisation of apoplastic ROS 
signalling could be achieved. Similar dyes can be obtained for NO. Furthermore, 
imaging Ca2+ using  chameleon lines could also be performed in order to visualise 
Ca2+ signalling during CWI impairment (Monshausen et al., 2008). We have 
demonstrated that Ca2+ signalling is important through the use of Ca2+ transport 
inhibitors. However, the location and precise timing of the Ca2+ signal has not been 
determined. Chameleon reporter lines would allow this. 
 
4.4.7 Conclusions 
 ROS, Ca2+, and NO are required for normal deposition of lignin and induction 
of phytohormones (JA, SA) during CWI impairment. 
 An early phase DPI-sensitive RBOHD/F dependent signal is required to induce 
later JA induction. 
 Late stage ROS and JA based processes can modulate each other 
antagonistically. 
 ROS signalling during CWI impairment is located at the plasma membrane of 
cells in the elongation zone of the root. 
 SA and JA act in unison to regulate the response to CWI impairment. 
 NO can regulate lignin deposition and JA induction during CWI impairment.  
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Chapter 5 Plant innate immune 
signalling and developmental expansion 
control mechanisms are inherently tied 
to CWI sensing and signalling 
5.1 Introduction 
As mentioned previously, the RLK THE1 is thought to be a cell wall integrity 
sensor (Hématy et al., 2007) . RLKs have diverse functions in development and stress 
signalling in A. thaliana (Lehti-Shiu et al., 2009). RLKs are composed of ligand binding 
domains that are linked to cytoplasmic serine/threonine kinase domains via trans-
membrane domains (Morillo and Tax, 2006). More than 600 RLKs are present in A. 
thaliana, thus forming the largest gene family (Lehti-Shiu et al., 2009). Of these RLKs 
~235 contain extra-cytoplasmic leucine-rich repeat domains (LRR-RLKs), representing 
the largest grouping within the RLK family (Lehti-Shiu et al., 2009).  
Recognition of PAMPs or MAMPs (microbe associated molecular patterns) 
constitutes the first step in plant innate immunity and is referred to as PAMP-
triggered-immunity (PTI) (Zipfel, 2008). The process of detecting microbial signatures 
is present in both plants and animals and the methods of perception and signalling 
are similar (Ronald and Beutler, 2010).The bacterial protein flagellin is the building 
block of eubacterial flagella and its presence is recognized by the plant through 
detection of flg22, a highly conserved 22 amino acid sequence within flagellin 
(Gómez-Gómez and Boller, 2000). Flg22 is recognized by the LRR-RLK FLAGELLIN 
SENSING 2 (FLS2) (Gomez-Gomez and Boller, 2000). FLS2 is a plasma membrane 
localized pattern recognition receptor (PRR) with both a leucine-rich repeat and 
kinase domain required for flagellin binding and signalling (Gómez-Gómez et al., 
2001). Another example for a molecule activating PTI is the bacteria elongation 
factor TU (EF-Tu), which is also the most abundant bacterial protein, the short 
sequence on the peptide ELF18 is sufficient for activation of defence responses in 
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plants. EF-Tu binds to the plant LRR-RLK EF-Tu RECEPTOR (EFR) (Zipfel et al., 2006). 
Treatment with EF-Tu results in increased binding sites for both PAMPs, therefore 
demonstrating that the type of PAMP detected results in a general defence response 
(Zipfel et al., 2006; Postel et al., 2010). These two examples are the best 
characterized PAMPs, however, many more PAMPs and their corresponding 
receptors exist and await elucidation (Zipfel and Robatzek, 2010). The structural 
similarities in proteins involved in recognition of different pathogens suggests a 
common mechanism of pathogen detection (Gomez-Gomez and Boller, 2000). 
Furthermore, treatment with both flg22 and Elf18 results in an additive effect, 
therefore demonstrating both receptors function in the same signalling pathway and 
activation of one receptor does not result in a loss of sensitivity to another (Zipfel et 
al., 2006). Upon PAMP recognition, defence responses such as a ROS burst, 
MAPK/CDPK signalling cascades and ethylene production are activated (Zipfel et al., 
2006; Boller and Felix, 2009). 
The LRR-RLK BRI1-ASSOCIATED-KINASE-1 (SERK3-BAK1) is an RLK originally 
shown to be a component of the brassinosteroid signalling pathway (Hecht et al., 
2001). It was identified as a member of the SERK family together with its closest 
paralog BAK1-LIKE-1 (BKK1) (He et al., 2007). While bak1 seedlings displayed 
spreading necrosis after infection with bacterial and fungal pathogens, this 
phenotype was not affected by brassinosteroid application (Kemmerling et al., 2007). 
BAK1 positively regulates the PAMP receptors FLS2 and EFR and functions by 
interacting with different ligand binding receptors in a stimulus specific manner 
(Chinchilla et al., 2007; Heese et al., 2007). Although not required for ligand binding 
itself, BAK1 is required for subsequent downstream signalling. bak1 seedlings exhibit 
modified responses to a variety of PAMPs including flg22 and are susceptible to 
Pseudomonas syringae DC3000 infection (Kemmerling et al., 2007). BAK1 is required 
for activation of common defence responses from a number of different PRRs and 
has been demonstrated to form a complex with BKK1 (SERK4) (Chinchilla et al., 2007; 
Heese et al., 2007) (Roux et al., 2011). BAK1 interaction with FLG22 and ELF18 is 
mediated through FLS2 and EFR complexes whose formation is induced within 5 
minutes of PAMP application (Roux et al., 2011).  In addition to BAK1, BAK1-
LIKE1/SERKE4 (BKK1) acts jointly with BAK1 as a positive regulator of BR responses. 
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Both BAK1 and BKK1 are required to regulate cell death and senescence and they 
cooperate in order to achieve full signalling capability in response to ELF18, FLG22 
and to the endogenous A. thaliana peptide PROPEP1 (PEP1) (Kemmerling et al., 
2007; Roux et al., 2011).  
BOTRYTIS-INDUCED KINASES 1(BIK1) transcription is induced after inoculation 
with the necrotrophic pathogen Botrytus cineria and bik1 mutant phenotypes 
include enhanced pathogen susceptibility, bik1 mutant plants exhibited enhanced 
susceptibility for PstDC3000. This suggests a role for BIK1 in basal defence and not 
gene-for-gene immunity as its transcription is induced during B.cineria infection and 
the mutant genotype is highly susceptible to DC3000 (Veronese, 2006). The kinase is 
a member of the subfamily VII of receptor-like cytoplasmic kinases and its only 
homologue, PBS1, is also disease resistant (Swiderski and Innes, 2001).  Furthermore 
BIK1 activity is required upstream of hormone signalling activity during defence 
responses and like FLS2 and BAK1 it is localised to the plasma membrane of onion 
epidermal cells (Veronese, 2006). BIK1 is additionally required for normal plant 
development, since bik1 seedlings display reduced root length and substantially 
enhanced root hair number and length (Veronese, 2006). In addition, BIK1 in vivo 
kinase activity increases in response to FLG22 and ACC treatment (Laluk et al., 2011).  
The number of potential PAMP receptors is large and this method of action may 
be useful for the plant to ensure that many different stress inputs can be recognised 
while at the same time activating common defence responses (Postel et al., 2010). 
An interesting and potential useful by-product of this convergence of multiple plant 
receptors on a common defence response system was demonstrated with EFR. EFR 
and subsequent EF-Tu perception does not occur in plants outside the Brassicaceae 
(Zipfel et al., 2006). However, the cloned A. thaliana EFR gene when expressed in 
N.benthamiana leaves enables tobacco to perceive EF-Tu PAMP (Zipfel et al., 2006). 
This proves that the mode of action: activating common defence responses from 
different specific PAMP receptors is conserved across plant species, highlighting the 
potential of expressing a multitude of PRRs in crop species to increase resistance to a 
large spectrum of pathogens (Zipfel et al., 2006).  
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5.1.1 Damage associated molecular pattern (DAMP) 
signalling during innate immunity 
As well as the recognition of ‘non-self’ molecular patterns there is growing 
evidence that ‘self’ molecular patterns are produced and perceived by the plant 
(Zipfel and Robatzek, 2010). These are referred to as DAMAGE-ASSOCIATED-
MOLECULAR-PATTERNS (DAMPS) and are produced upon PAMP recognition or CWD 
and feed into the PAMP signalling pathway (Yamaguchi et al., 2006; Zipfel, 2008; 
Boller and Felix, 2009; Krol et al., 2010; Yamaguchi et al., 2010; Zipfel and Robatzek, 
2010). One of the best-characterized DAMPs are that of the endogenous peptide 
elicitor PEP1 from A. thaliana (Yamaguchi et al., 2010). PROPEP1 is the precursor 
protein of PEP1, PEP1 is derived from the C terminus region of the precursor protein 
(Huffaker et al., 2006). As well as PEP1 the additional peptides PEP2-7 exist 
(Yamaguchi et al., 2010). The PEP family has been shown to induce both defence 
genes and the downstream ROS and ethylene signalling pathways (Krol et al., 2010) 
as well as activating defence related transcription patterns (Yamaguchi et al., 2010). 
Two receptors (PEPR1 & PEPR2) for PEP1 have been identified (Krol et al., 2010; 
Yamaguchi et al., 2010). Both receptors belong to the LRR subfamily XI of the LRR-
RLK family. The double mutant pepr1 pepr2 has increased susceptibility to DC3000, 
demonstrating that these endogenous peptides have a role in PTI (Krol et al., 2010; 
Yamaguchi et al., 2010). The PEPR1 receptor can bind PEP1-6 peptides and the 
PEPR2 receptor can bind PEP1 & 2 highlighting the systemic redundancy in the 
perception of endogenous PEP peptides (Krol et al., 2010; Yamaguchi et al., 2010).  
Application of PEP peptides displays effects reminiscent of the application of 
flg22 and elf18 such as growth inhibition and induction of ROS and ethylene (Krol et 
al., 2010). Additionally the receptors PEPR1 & PEPR2 interact with BAK1 in yeast two-
hybrid assays and PEP1 treatments results in formation of BAK1 complexes (Postel et 
al., 2010) (Roux et al., 2011). PEPR based signalling also has a role in innate immunity 
in Zea mays, demonstrating the evolutionary conserved nature of PEPR signalling 
between plant species (Huffaker et al., 2011). 
The available data suggest that the DAMP signalling pathway interacts with 
BAK1 in a manner similar to that described for PAMP receptors, implying DAMP and 
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PAMP pathways may be connected in a positive feedback loop and that BAK1 is a 
coordinator of the two perception mechanisms (Huffaker and Ryan, 2007). The 
current paradigm of PAMP reception and response considers BAK1 an adapter 
protein that interacts with multiple LRR-RLKs in order to induce/integrate different 
plant defence responses (Chinchilla et al., 2009). Accordingly, BAK1 could have a role 
in DAMP signalling during the response to isoxaben induced CWI impairment in A. 
thaliana. Microarray data Figure 5-1 suggests that the PEP signalling pathway has a 
role in isoxaben induced CWD as the transcript levels of a variety of genes encoding 
the endogenous peptides (PEP1, 3 & 4) and both receptors (PEPR1 & 2) are increased 
(Figure 5-1).  
 
 
Figure 5-1 Microarray data for PEP 1 RECEPTOR 1 & 2 (PEPR1 & 2) and PRECURSOR OF PEPTIDE 1 & 3 
(PEP1 & 3) over 36 hours of Isoxaben treatment in A. thaliana 6 day old seedlings. 
PEPR1 & 2 and PEP1 & 3 expression is increased after isoxaben addition, determined by microarray 
analysis. Time course over 36 hours performed. Solid line indicates isoxaben expression, hashed line 
mock expression. Microarray performed by (Hamann et al., 2009) but data analysed by the author. 
 
Some pathogens have to first penetrate the cell wall of plants, so a DAMP 
recognition and signalling pathway detecting CWD would be an evolutionary 
advantageous system in pathogen resistance (Hematy et al., 2009). Since up to now 
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research into CWD perception has been very limited, the CWI maintenance 
mechanism could be an overlooked initial component of mechanisms regulating the 
responses to pathogen infection. 
 
5.1.2 Involvement of CrRLKs in regulation of cellular 
expansion 
RLKs have roles in plant pathogen perception and detection of endogenous 
plant peptides such as PEPs during pathogen infection (Postel et al., 2010; Zipfel and 
Robatzek, 2010). However, in addition to RLK involvement in biotic stress they also 
regulate plant development, including plant cell shape (De Smet et al., 2009). Cell 
shape is developmentally controlled and orchestrated by a complex interaction of 
different signals. However it also involves tightly controlled remodelling of the cell 
wall in order to produce different cell shapes and lengths.  
Cell elongation is regulated by environmental cues such as light and 
endogenous growth regulators including Brassinosteroids (BR) (Li and Jin, 2007). BR 
signals through a membrane localized LRR-RLK called BRI1 and the co-receptor BAK1 
(Wang and Chory, 2006; Wang et al., 2008). BAK1 is involved in both BR perception 
and pathogen perception and downstream signalling. Downstream, BR signalling 
regulates the transcription factors BES1 and BZR1, which control transcription of a 
range of genes, for example involved in cell wall remodelling and cellular elongation 
(Clouse, 1996; Wang et al., 2002; Yin et al., 2002; Yin et al., 2005).  
Recently Brassinosteroid (BR) feedback signalling was demonstrated to mediate 
cell wall homeostasis in A. thaliana (Wolf et al., 2012b). Perturbation of pectin 
methylation resulted in distended cells in the elongation zone of the root and this 
was suppressed by a loss of BR signalling (Wolf et al., 2012b). However, the 
upstream regulators initiating the compensatory BR based signalling are currently 
unknown.  
BR treatment induces transcription of three LRR-RLKs that are members of the 
aforementioned CrRLK family, THE1, HERK1 and FERONIA (FER) (Guo et al., 2009). 
However, these RLKs regulate the transcription of a different set of cell wall 
remodelling enzymes than the ones induced by BR treatment (Guo et al., 2009). All 
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three proteins encoded by these genes are localised at the plasma-membrane and 
are highly expressed in tissues undergoing elongation. Therefore THE1, HERK1 and 
FER are thought to also function in a BR-independent pathway, regulating cell 
elongation (Guo et al., 2009). CrRLK family members contain a conserved domain 
that has similarities to a carbohydrate binding domain originally identified in 
malectin proteins (Schallus et al., 2008). The CrRLK family genes are also 
differentially regulated during abiotic and biotic stresses (Lindner et al., 2012). THE1 
has been linked to CWI perception and maintenance and has already been discussed 
extensively (Hématy et al., 2007). FER is involved in male-female interaction during 
pollen tube reception (Escobar-Restrepo et al., 2007). FER is expressed in the 
synergid cells and is hypothesized to receive a signal from incoming pollen tubes, 
that leads to subsequent inhibition of pollen tube elongation, eruption of pollen 
tubes and release of sperm cells (Escobar-Restrepo et al., 2007; McCormick, 2007). 
fer mutant plants display male sterility, with pollen tubes showing a loss of 
elongation inhibition required when the pollen tubes reach egg cells. In addition to 
the elongation role in leaves described for FER, it also regulates root hair elongation 
by being an upstream regulator of Rho GTPases (Duan et al., 2010). The collapsed 
root hairs formed in fer mutants are similar to those observed in rbohC mutants. 
Reduced levels of activated RAC/ROPs in fer mutant genotypes imply that FER is a 
regulator of ROS signalling (Duan et al., 2010). In addition, FER mediates 
susceptibility to G. gorontii and fer plants exhibit perturbation of the FLG22 induced 
oxidative burst, MAPK activity and stomatal closure (Keinath et al., 2010; Kessler et 
al., 2010). PAMP treatment has been shown to induce transcription of CrRLK family 
members (with the exception of THE1 and At5g24010) (Lindner et al., 2012). 
Furthermore, the P.syringae effector AvrPto interacts with FLG22 and At2g23200 
(another CrRLK family member) preventing autophosphorylation (Xiang et al., 2008). 
ANXUR 1 & 2 (ANX1 & ANX2) are the most similar at sequence level to FER in the 
CrRLK family (Boisson-Dernier et al., 2009; Miyazaki et al., 2009). The two genes are 
functionally redundant and double mutants display severe male sterility with pollen 
tubes bursting (Escobar-Restrepo et al., 2007). Both ANX1 and ANX2 are located at 
the plasma membrane of the pollen tube tip (Miyazaki et al., 2009).  
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5.1.3 Involvement of FEI proteins in regulating anisotropic 
cell growth 
In addition to the CrRLK family of RLKs, another group has also been 
demonstrated to be involved in regulation of cell wall metabolism. The two kinases 
identified were named FEI, after the Chinese word for fat and the observation that 
fei seedlings display isotropic growth in the elongation zone of the root (Xu et al., 
2008). These two genes show 82% amino acid identity to each other and are in the 
same subfamily as ERECTA (subfamily XIII, (Shiu, 2001). When grown under normal 
conditions, fei1 fei2 seedlings were indistinguishable from wild-type controls. 
However, when grown under high sugar conditions (4.5% sucrose) the double 
mutant displayed isotropic cell expansion in the elongation zone of the root after 2 
days (Xu et al., 2008). FEI1 and FEI2 were localised to the plasma-membrane and 
gene expression was highest throughout elongating tissue, with low level expression 
being observed in the rest of the seedling (Xu et al., 2008). Furthermore fei1 fei2 
seedlings have a significant reduction in crystalline cellulose under normal conditions, 
as shown by determination of [14C]glucose incorporation into the acid insoluble 
fractions (Xu et al., 2008). In order to determine the relationship between fei1 fei2 
and cellulose, CWI impairment was performed with low concentrations (1-10nM) of 
isoxaben. Roots grown at high sucrose conditions (4.5%) displayed enhanced 
susceptibility to isoxaben. In addition, seedlings grown under normal sucrose 
conditions also displayed enhanced sensitivity to isoxaben, when compared to wild-
type (Xu et al., 2008). Therefore, FEI1 and FEI2 are involved in the regulation of 
cellulose synthesis and the response to its inhibition.   
Interestingly, FEI1 and FEI2 kinase domains were shown to interact with ACS 
using yeast-2 hybrid screens, the enzyme required for ACC biosynthesis (Xu et al., 
2008). A knockout of ACC signalling (via a knockout of a key biosynthesis gene) 
resulted in a restoration of normal root phenotypes in fei1 fei2 roots under high 
sugar conditions. Conversely, a knockout of ethylene signalling or perception did not 
alter the phenotype observed in fei1 fei2 seedlings, therefore ACC appears to be 
functioning as a signal in its own right here, as has been previously discussed (Xu et 
al., 2008; Tsang et al., 2011). FEI1 and FEI2 appear to function upstream of ACC 
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oxidase in regulating cellulose deposition. It was concluded that the FEI proteins 
regulate cellular expansion in the elongation zone, as the double mutant under sugar 
stress results in a shift from longitudinal to isotropic growth in the elongation zone.   
Furthermore, fei1 fei2 seedlings display similar mutant phenotypes like 
knockouts in SOS5, which encodes a GPI-anchored protein, previously identified as 
being salt-overly-sensitive (Shi, 2002; Xu et al., 2008). sos5-2 seedlings displayed a 
reversal to wild-type phenotypes when treated with the ACC biosynthetic inhibitor 
AIB. The available data suggest that the FEI proteins and SOS5 signal in the same 
pathway controlling anisotropic growth in the elongation zone of the root (Xu et al., 
2008). In addition to this, FEI2 and SOS5 also regulate seed coat mucilage deposition 
in A. thaliana by controlling the deposition of transverse rays of cell wall material, 
that are deposited across the inner layer of seed coat mucilage (Harpaz-Saad et al., 
2011).  FEI2 and SOS5 regulate cellulose production that affects the assembly of a 
pectic component of the seed coat mucilage. Interestingly, unlike the phenotypes 
observed in fei1 fei2 seedlings in the root, the seed coat mucilage phenotype is not 
conditional on conditions of high sucrose (Harpaz-Saad et al., 2011). Therefore, these 
proteins appear to regulate the cell wall in a common pathway which functions 
throughout plant development.  
The close ties of FEI1 and FEI2 to regulating anisotropic growth and cellulose 
content as well as one aspect of mutant phenotype being conditional on high sugar 
levels implies that these RLKs could be involved in CWI signalling. They are the best 
current examples of RLK interactions with the cellulose synthesis machinery and 
their involvement in CWI sensing and signalling during CWI impairment is yet to be 
characterised.  
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5.1.4 Aims and Strategy 
The aim of this section is to study the effects of mutant genotypes that are 
perturbed in PTI and cellular expansion on the response to CWI impairment. These 
mutant genotypes will be characterised with respect to lignin deposition, 
phytohormone induction and RGI phenotypes observed during CWI impairment. 
With the following specific aims to be achieved; 
 Determining whether elements of the innate immunity signalling 
machinery regulate responses to CWI impairment. 
 Determine whether RLKs involved in cell expansion have roles in CWI 
sensing and signalling 
 Determine whether any of these signals are positioned upstream from 
lignin deposition, phytohormone induction and RGI, indicating that 
they are key regulators of responses to CWI impairment.   
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5.2 Materials and methods 
5.2.1 Chemical treatments 
1 µM FLG22 and 1µM ELF18 were sprayed on to 2 week old A. thaliana 
rosettes which were grown as previously described. Peptides were purchased from 
AnaSpec©. 
5.2.2 Construction of Phylogenetic trees for XII1 and XII7 
For production of a phylogenetic tree for subfamily XII of LRR-RLKs in A. 
thaliana, the coding sequences of the family members were obtained from TAIR. 
These sequences were then formatted into FASTA format and edited in BIOEDIT. 
Edited sequences were aligned using Clustal-W in MEGA 5 (Tamura et al., 2011). 
Maximum likelihood trees were constructed with a bootstrap value of 1000 to 
ensure significance. In order to produce phylogenetic trees for XII7 homologues the 
coding sequence for XII7 was blasted using tblastx translated nucleotide search in 
the nucleotide (nt/nr) database. Results were organized and duplicate / genomic 
sequences removed leaving only unique coding sequences. Data was formatted in 
FASTA format in BIOEDIT and phylogenetic trees produced as described above. 
5.2.3 Localisation of THE1 and XII7 using confocal laser 
scanning microscopy 
THE1-GFP was obtained from Hermon Höfte (INRA). XII7-GFP was obtained 
from Cyril Zipfel (The Sainsbury lab, Norwich) as part of a collaborative project. 
Confocal laser scanning microscopy was performed using a Leica DM IRE2 
system coupled with a Leica TCS SP2 SE. 10μg/ml PI was used in order to stain 
the cell walls of individual cells. FM4-64 (Invitrogen) was used in order to co-
localise THE1- and XII7-GFP with the plasma membrane. Seedlings were 
incubated for 1 minute in 25μM FM4-64 and then imaged. GFP was excited at 
488nm and emission detected between 500- 550nm. PI was excited at 488nm 
and emission was detected at 610-650nm. FM4-64 was excited at 488nm and 
emission was detected over 600-700nm. Data was processed with Image-J 
version 1.45s, obtained from http://imagej.nih.gov/ij. 
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5.3 Results 
5.3.1  Are components of the PAMP signalling pathway 
involved in CWI signalling? 
FLS2 and EFR, two plasma membrane located PAMP receptors are members 
of LRR-RLK subfamily XII. A phylogenetic tree was produced, classifying the 
relationships between the 10 family members. Figure 5-2 shows that two un-
characterized members of subfamily XII At1g35710 (classified as XII1) and At4g08850 
(classified as XII7) are located in a branch separate from the other LRR-RLKs. The 
closest family member to them is the PRR FLS2.  
 
 
Figure 5-2 A Phylogenetic tree of LRR-RLK subfamily XII in A. thaliana 
A maximum likelihood tree based on the CDS of members of LRR-RLK subfamily XII. Tree produced 
using MEGA 5, 1000 Bootstrap calculations performed. Gene names are stated and additional 
identifications are located in brackets. 
 
In addition to determining the phylogenetic relationship between the family 
members of group XII LRR-RLKs, changes in their transcript levels during CWI 
impairment were determined using the microarray-derived expression profiling data 
from (Hamann et al., 2009). Figure 5-3 suggests that transcript levels for the two 
family members XII1 and XII7 are increased substantially in response to isoxaben 
induced CWI impairment. In addition, the PRR EFR is up-regulated and the PRR FLS2 
is down-regulated during CWI impairment. The only other family member exhibiting 
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an apparent increase was At3g47570 after 8 hours of CWI impairment. To conclude, 
2 previously un-characterised family members of LRR-RLK sub-family XII cluster 
together and both genes show elevated transcript levels  during CWI impairment. 
Therefore, it is plausible that they are involved in CWI sensing or signalling. 
 
Figure 5-3 Microarray expression analysis of members of RLK XII subfamily in 6 day old A. thaliana 
seedlings during CWI impairment. 
Microarray expression data for all 10 members of subfamily XII LRR-RLKs in A. thaliana undergoing 
CWI impairment over 36 hours. Values represent Isoxaben expression with mock expression level 
subtracted. RLKs of interest are colour coded black (XII1 and XII7) and red (EFR and FLS2). These are 
the only RLKs which display substantial changes in gene expression. Microarray performed by 
(Hamann et al., 2009), data analysed by author. 
 
Based on the observation that the microarray derived expression data for 
XII7 suggested the strongest induction upon isoxaben treatment a phylogenetic tree 
was produced based on data obtained from blasting the XII7 coding sequence 
against the nucleotide database (nt/nr). Figure 5-4 demonstrates that the LRR-RLK 
XII7 is most closely related to XII1 in A. thaliana. In parallel, the XII7 sequence 
exhibits high degrees of similarity to genes in Medicago (Medicago truncatula), 
Soybean (Glycine max), the common grape (Vitus vinifera), the caster oil plant 
(Ricinus communis), California poplar (Populus trichocarpa), purple false brome 
-500?
0?
500?
1000?
1500?
2000?
0? 4? 8? 12? 18? 20? 24? 36?
A
ff
ym
et
ri
x?
un
it
s?
Time?(Hours)?
XII1?
At2g24130?
At3g47090??
At3g47110??
At3g47570?
At3g47580??
XII7?
EFR?
At5g39390?
FLS2?
 175 
(Brachypodium distachyon), Sorghum (Sorghum bicolor) and Asian rice (Oryza sativa). 
In addition, some species (such as Medicago, Sorghum and grape) contain more XII7 
and XII1 homologues than others (such as rice and poplar). Duplication of these 
genes has occurred throughout the evolution of the different species. These results 
suggest that the Arabidopsis XII7 protein has homologues across a wide range of 
mono and dicotyledonous plant species. 
 
 
Figure 5-4 A phylogenetic tree showing XII7s closest homologues 
A maximum likelihood tree based on the blast results obtained for the coding sequence of XII7. Tree 
produced using MEGA 5, 1000 Bootstrap calculations performed. Gene names are stated and 
additional identifications are located in brackets. RLK = receptor like kinase; RPK = receptor protein 
kinase; HP= hypothetical protein. 
 
XII1 and XII7 were selected as candidates for analysis of perturbation of CWI 
impairment phenotypes, such as lignin deposition, JA & SA induction and RGI. In 
addition, several genes encoding components of the PAMP signalling system were 
also selected. BAK1 is a master regulator of pathogen perception and is required for 
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downstream signalling, BIK1 is an RLK involved in immunity and is up-regulated 
during B. cinerea infection (a necrotrophic and cell wall damaging pathogen).  BIK1 is 
involved in plant immunity and regulation of phytohormone levels. PEPR1 is a 
receptor for the endogenous plant derived DAMPs (PEPs). In order to confirm that 
gene expression changes occurred in response to isoxaben treatment, QRT-PCR was 
performed on the five genes described above.  
 
 
Figure 5-5 QRT-PCR of genes involved PAMP perception after CWI impairment in 6 day old A. 
thaliana seedlings 
BAK1, BIK1, XII1, XII7 and PEPR1 transcriptional induction over 24 hours of Isoxaben treatment. Data 
was normalized to the corresponding time-point mock-treatment. Error bars indicate standard error 
from the mean. 
 
QRT-PCR demonstrated that BAK1, BIK1, XII1, XII7 and PEPR1 have elevated 
transcript levels after CWI impairment. XII1 and PEPR1 display the highest increases 
after 8 and 12 hours. In addition, BAK1 and XII7 have elevated transcript levels after 
12 hours and BIK1 transcription increases after 1 hour. Therefore, QRT-PCR 
expression analysis of these genes during CWI impairment conforms the microarray 
expression data demonstrating that they are up-regulated. 
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To conclude, XII1 and XII7 are members of LRR-RLK subfamily XII that cluster 
together in a phylogenetic tree. In addition, a large number of homologues across a 
wide range of plant species exists.  These genes have increased transcript abundance 
during CWI impairment, as indicated by microarray analysis and QRT-PCR.  In 
addition, elements of the pathogen innate immunity-signalling cascade such as BAK1 
and BIK1 have elevated transcript levels during CWI impairment. Therefore, 
elements of the innate immune system and un-characterised LRR-RLKs could be 
involved in CWI perception and signalling.  
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Figure 5-6 Lignin deposition in the root elongation zone of 6 day old A. thaliana mutant genotypes 
for PAMP perception during CWI impairment.  
Lignin deposition in bak1-5, bkk1-1, bak1-5 bkk1-1, xii1-3, xii7-1, xii1-3 xii7-1, bak1-5 xii7-1, bik1 and 
bik1 pbl1 after 12 hours of CWI impairment. 
Representative seedlings shown from 3 experimental repeats. N≥20 for each experimental repeat. 
Scale bar denotes 100μM. 
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In order to test whether genes involved in the PAMP innate immunity 
signalling pathway are also required in CWI sensing or signalling, lignin deposition 
was determined in mutant seedlings after 12 hours of isoxaben treatment (Figure 
5-6). The bak1-5 allele was used here as it is more severely impaired in PAMP 
triggered immunity responses. Oxidative burst, root length and MAPK 
phosphorylation and activation after FLG22 are all impaired in bak1-5 compared to 
control treatment and other bak alleles (Schwessinger et al., 2011). In addition, 
bak1-5 has normal BR responses and can be combined with bkk1-1 without inducing 
the uncontrolled cell death that occurs with other alleles such as bak1-4 
(Schwessinger et al., 2011). Figure 5-6 shows that lignin deposition was not affected 
significantly in the bak1-5 or bak1-5 bkk1-1 mutant genotypes. However, the bkk1-1 
genotype displayed reduced lignin deposition when compared to wild-type. In 
addition to bak1-5 and bkk1-1, lignin deposition was determined in xii1-3 and xii7-1 
seedlings. Both xii1-3, xii7-1 single and the xii1-3 xii7-1 double mutant seedlings 
displayed substantially reduced lignin deposition compared to wild type controls. A 
bak1-5 xii7-1 mutant genotype displayed reduced lignin deposition as well. bik1 pbl1 
seedlings also displayed reduced lignin deposition after CWI impairment. PBL1 is the 
closest homologue to BIK1 (Liu et al., 2013). The observed lignin phenotypes 
implicate XII1, XII7, BIK1 and BKK1 in the CWI sensing and signalling mechanism. 
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Figure 5-7 JA induction in 6 day old A. thaliana mutant genotypes for PAMP perception during CWI 
impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the Standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
  
In addition to determining lignin deposition in the mutant seedlings, the 
levels of JA after CWI impairment were quantified. Figure 5-7 demonstrates that xii7-
1 displays significantly less JA after CWI impairment. Therefore, XII7 is required for 
induction of JA by CWI impairment. Conversely, in bak1-5, bkk1-1, bak1-5 bkk1-1, 
bik1, xii1-3, xii1-3 xii7-1 and bak1-5 xii7 seedlings JA induction is significantly 
increased by CWI impairment compared to wild-type. Therefore, these genotypes 
negatively regulate JA induction during CWI impairment and the effect of xii7-1 is 
negated in a xii1-3 xii7-1 mutant genotype. The double mutant bik1 pbl1 displays 
normal JA induction after CWI impairment.  
To conclude, genes required for mediating plant innate immunity are also 
required for the response to CWI impairment. While bak1-5, bkk1-1, bik1 and xii1-3 
repress JA induction by isoxaben treatment the un-characterised LRR-RLK XII7 is 
required for JA induction.  
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Figure 5-8 SA induction in 6 day old A. thaliana mutant genotypes for PAMP perception during CWI 
impairment 
SA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to JA quantification, SA was also quantified in the mutant 
seedlings after isoxaben treatment. Figure 5-8 shows that SA levels were significantly 
elevated in bak1-5, xii7-1, bak1-5 xii7-1, xii1-3 xii7-1 and bik1 seedlings after 
isoxaben treatment. In parallel bkk1-1, bak1-5 bkk1-1, xii1-3 and bik1pbl1 seedlings 
exhibit no significant differences in SA levels compared to control seedlings after 
isoxaben treatment. Therefore BAK1, XII7 and BIK1 have a role in SA induction during 
CWI impairment, as mutant genotypes display enhanced SA levels. BIK1 has 
previously been described as having enhanced SA (Veronese, 2006) and has been 
postulated to be a negative regulator of SA signalling and here we provide additional 
evidence supporting this (Veronese, 2006). BAK1 and XII7 have not been previously 
described as negative regulators of SA induction, therefore these results suggest that 
both BAK1 and XII7 have a role in mediating SA signalling during CWI impairment.  
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Figure 5-9 Root Growth Inhibition (RGI) in mutant genotypes for PAMP perception during CWI 
impairment in 6 day old A. thaliana seedling roots 
RGI after CWI impairment with the mutant genotypes bak1-5, bkk1-1, bak1-5 bkk1-1, xii1-3, xii7-1, 
xii1-3 xii7-1, bak1-5 xii7-1, bik1 and bik1 pbl1. 0 and 24 hour RGI shown. N=20 for one experiment. 3 
biological repeats performed. Values represent average root length, error bars represent standard 
error. * Indicates significance from Col-0 24 hour control as determined by Student’s T-test (P≤0.05). 
 
As well as characterizing lignin deposition and phytohormone levels in 
isoxaben treated seedlings, RGI was also determined for these mutants. Figure 5-9 
shows that mutant lines for bak1-5, xii7-1 and bik1 have inhibited RGI upon CWI 
impairment and are therefore resistant to isoxaben treatment. The mutant roots 
continue to grow after isoxaben treatment, implicating the mutated genes function 
in the response to CWI impairment. Furthermore, bkk1 and xii1-3 have no effect on 
RGI after CWI impairment. Interestingly, the double mutant bik1 pbl1 seedlings still 
exhibit RGI, unlike bik1. These results suggest that PBL1 is required for the resistance 
of bik1 seedling roots to isoxaben treatment, implying an interaction between the 
two genes. 
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Figure 5-10 PAMP induction of JA in xii7-1 2 week old A. thaliana rosettes. 
JA induction after 7 hours of treatment with the described PAMPs in Col-0 and xii7-1. Values are 
means of four technical repeats and ± is the standard deviation. A Student’s T-test was performed 
indicating significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to CWI impairment, it was determined whether XII7 is required 
for PAMP perception. Figure 5-10 displays JA levels in Col-0 control and xii-7 
seedlings after treatment with 1μM FLG22 or 1μM ELF18. JA induction with either 
FLG22 or ELF18 is not affected in xii7-1 seedlings suggesting the gene is not required 
for PAMP-induced JA production. 
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Figure 5-11 PAMP induction of SA in xii7-1 2 week old A. thaliana rosettes. 
SA induction after 7 hours of treatment with the described PAMPs in Col-0 and xii7-1. Values are 
means of four technical repeats and ± is the standard deviation. A Students T-test was performed 
indicating significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
SA levels in Col-0 and xii7-1 seedlings were quantified after treatment with 
FLG22 and ELF18. FLG22 treatments results in SA induction but there are no 
statistically significant differences between Col-0 and xii7-1. However, upon ELF18 
treatment SA levels are induced in both Col-0 and xii7-1 but SA induction in xii7-1 is 
significantly increased compared to Col-0. Interestingly, the xii7-1 control has 
enhanced SA levels compared to Col-0. Therefore, xii7-1 is required for inhibition of 
SA levels. To conclude, XII7 appears to be required for limiting SA production in 
response to ELF18 treatment. These results are similar to previous data showing that 
xii7-1 seedlings have higher SA levels after isoxaben treatment.  
To conclude, the data presented above demonstrates that BAK1 & BIK1, 
integral elements of the innate immunity signalling mechanism are also required for 
the response of CWI impairment. Analysis of mutant genotypes demonstrates that 
BAK1 and BIK1 are required for negative regulation of JA and SA induction and root 
growth inhibition during CWI impairment. However, bak1-5 seedlings display normal 
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lignin deposition after CWI impairment. Therefore BAK1 is not required for all 
downstream phenotypes after CWI impairment. In addition the LRR-RLKs XII1 and 
XII7 also play important roles during CWI impairment. The more important of the 
two seems to be XII7, since mutant seedlings exhibit reduced lignin deposition and 
JA production after isoxaben treatment, while SA induction is enhanced and mutant 
seedling roots grow despite CWI impairment. In addition, XII7 is required to limit SA 
induction during ELF18 perception.  
 
5.3.2 The involvement of PEPR family in CWI signalling 
DAMP signalling has been hypothesized to be involved in both CWI sensing / 
signalling and innate immunity signalling (Zipfel and Robatzek, 2010). The best 
currently described DAMP signalling pathway is that of the PEP peptides and PEPR 
receptors (Ma et al., 2012). In order to determine whether PEPR signalling plays a 
role during CWI impairment the responses of pepr1-1, pepr2-1 and pepr1-1 pepr2-1 
seedlings were analysed. 
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Figure 5-12 Lignin deposition in the elongation zone of 6 day old A. thaliana root tips in PEPR RLK 
mutant genotypes during CWI impairment 
Lignin deposition in pepr1-1, pepr2-1 and pepr1-1 pepr2-1 after 12 hours of CWI impairment. 
Representative seedlings shown from 3 biological repeat experiments. N≥40. Scale bar denotes 
100μM. 
 
In order to determine whether PEPR based signalling processes are involved 
in the perception and signalling during CWI impairment pepr1-1, pepr2-1 and pepr1-
1 pepr2-1 seedlings were treated with for 12 hours and lignin deposition was 
determined. Figure 5-12 displays representative images of the lignin deposition 
phenotypes observed in the mutant seedlings treated with isoxaben. The single and 
double mutants for pepr1-1 and pepr2-1 all displayed increased lignin deposition in 
the elongation zone of the root. However, mock treated seedlings displayed no lignin 
deposition. Therefore, PEPR based signalling processes seem to limit lignin 
deposition after 12 hours of CWI impairment. 
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Figure 5-13 JA induction in PEPR RLK mutant genotypes in 6 day old A. thaliana seedlings during 
CWI impairment 
JA induction after 7 hours of treatment with the described conditions. pepr1-1, pepr2-1 and pepr1-1 
pepr2-1 mutant genotypes were used. Values are means of four technical repeats and error bars 
denote standard deviation. A Student’s T-test was performed indicating significance between the 
desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to lignin deposition, JA levels were also quantified after seven 
hours of isoxaben treatment. Figure 5-13 shows JA levels in pepr1-1, pepr2-1 and 
pepr1-1 pepr2-1 seedlings. There is no significant difference in JA levels between any 
of the mutant genotypes observed and wild-type. Therefore this raises two possible 
explanations. Either PEPR based signalling is not involved in JA induction during CWI 
impairment or an as-yet un-characterised homologue of PEPR1 and PEPR2 means 
there is redundancy in PEP signalling. Redundancy is however unlikely as PEPR1 and 
PEPR2 are the only identified PEP receptors and given the highly conserved nature of 
ligand binding and signalling with RLKs this is unlikely. Therefore, it appears that 
PEPR signalling does not have a role in JA induction during CWI impairment. 
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Figure 5-14 SA induction in PEPR RLK mutant genotypes in 6 day old A. thaliana seedlings during 
CWI impairment 
SA induction after 7 hours of treatment with the described conditions. pepr1-1, pepr2-1 and pepr1-1 
pepr2-1 mutant genotypes were used. Values are means of four technical repeats and error bars 
denote standard deviation. A Student’s T-test was performed indicating significance between the 
desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to JA induction, SA was also quantified in pepr1-1, pepr2-1 and 
pepr1-1 pepr2-1 seedlings after 7 hours of CWI impairment. The data in Figure 5-14 
shows that none of the mutant seedlings analysed display significant differences in 
SA levels compared to mock controls. Therefore, as with JA induction, PEPR signalling 
appears to not have a regulatory role on phytohormone induction after CWI 
impairment.  
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Figure 5-15 Root Growth Inhibition (RGI) in 6 day old A. thaliana PEPR RLK mutant genotypes during 
CWI impairment 
RGI after Isoxaben with the mutant genotypes pepr1-1, pepr2-1 and pepr1-1 pepr2-1. 0 and 
24 hour RGI shown. N=20 for one experiment. 3 biological repeats performed. Values represent 
average root length, error bars represent standard error. * Indicates significance from Col-0 24 hour 
control as determined by Student’s T-test (P≤0.05). 
 
RGI was also determined in pepr1-1, pepr2-1 and pepr1-1 pepr2-1 seedlings 
after 24 hours of isoxaben treatment. Figure 5-15 shows that all of the mutant 
seedling roots analysed have stopped growing in response to isoxaben treatment. 
Therefore, PEPR signalling is not involved in RGI caused by CWI impairment.  
To conclude, the DAMP signalling pathway PEPR seem to affect isoxaben-
induced lignin deposition. However, PEPR signalling has no effect on phytohormone 
induction or RGI in response to CWI impairment. These results suggest that PEPR 
based signalling processes do not represent a critical regulator of CWI sensing or 
signalling. 
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5.3.3  Analysis of the role of RLKs required for cell size 
regulation in CWI maintenance 
The CrRLK family member THE1 has previously been demonstrated to have a 
role in cell wall integrity sensing and signalling (Hématy and Hofte, 2008). In addition, 
the CrRLK family members HERK1 and FER have been shown to be required for cell 
elongation during development. In parallel, the RLKs FEI1 and FEI2 are involved in 
regulating anisotropic cell expansion in the elongation zone of the root. Therefore, 
These observations suggested that the different kinases may also have a role in CWI 
sensing and signalling.  
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Figure 5-16 Lignin deposition in the root elongation zone of 6 day old A. thaliana RLK mutant 
genotypes implicated in cell elongation during CWI impairment 
Lignin deposition in fei1-1, fei2-2, fei1-1 fei2-1, herk1, herk2, prc1-1, the1-1 prc1-1, the1-4 and the1-4 
herk1 after 12 hours of CWI impairment. Representative seedlings shown from 3 biological repeat 
experiments. N≥40. Scale bar denotes 100μM. 
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In order to determine whether candidate RLKs have a role in CWI sensing and 
signalling, lignin deposition was determined in a range of mutant seedlings after 12h 
of isoxaben treatment. Figure 5-16 shows that fei1-1 and fei2-2 seedlings display 
normal lignin deposition after CWI impairment. However, the double mutant fei1-1 
fei2-1 seedlings exhibit increased lignin deposition. The fei1-1 fei2-1 line displays 
lignin deposition during growth on 4.5% sucrose. Therefore, the observations made 
here support the role of FEI1 and FEI2 as regulators of CWI, with enhanced lignin 
deposition observed in permissive conditions.  
In addition to FEI1 and FEI2, lignin deposition was determined in mutant 
genotypes for different members of the CrRLK family of RLKs. FER was not used in 
this study due to technical/experimental reasons. However, herk1, herk2 and the1 
seedlings were analysed. the1-1 was identified in a genetic screen for suppressors of 
the cell wall mutant prc. However, the two alleles are tightly linked on the 
chromosome therefore the1-1 prc1-1 double mutant has not been genetically 
separated and a single the1-1 mutant isolated (Hématy et al., 2007). Therefore, prc1-
1 was used as a control for the the1-1 prc1-1 mutant genotype. Results summarized 
in Figure 5-12 indicate that lignin deposition in herk1 and herk2 is enhanced after 
isoxaben treatment compared to wild-type controls. Therefore, HERK1 and HERK2 
function in the negative regulation of lignin deposition during CWI impairment. 
Lignin deposition in the mutant genotype the1-1 prc1-1 was reduced when 
compared to wild-type levels during CWI impairment. In addition, prc1-1 single 
mutant alleles showed a wild-type level of lignin deposition during CWI impairment. 
The reduction observed in the1-1 prc1-1 is attributed to the the1-1 mutant allele, 
demonstrating that THE1 is required for detection of cell wall damage and normal 
lignin deposition in response to CWI impairment. The CrRLK family members HERK1 
and 2 and THE1 seem to have different roles with the HERKs limiting lignin 
deposition while THE1 is required for lignin deposition in response to CWI 
impairment. Surprisingly the the1-4 seedlings display significantly enhanced lignin 
deposition during CWI impairment and a herk1 the1-4 allele displays an additive 
lignin deposition effect when compared to either single mutant and the double 
mutant displays a loss of distended cells and the production of root hairs. The the1-4 
allele has been demonstrated to function as a constitutively active THE1 allele 
 193 
(Hermon Hofte, personal communication). These results support the notion that 
THE1 has a central role in regulating lignin deposition during CWI impairment. In 
addition, the additive lignin phenotypes observed in herk1 the1-4 seedlings suggest 
that these two RLKs are involved in two different signalling processes that affect 
isoxaben-induced lignin deposition independently.  
 
 
Figure 5-17 JA induction in 6 day old A. thaliana RLK mutant genotypes for cell elongation during 
CWI impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to lignin deposition, JA levels were also quantified in the RLK 
mutant seedlings listed above. The results presented in Figure 5-17 show that JA 
levels in fei1-1 seedlings were not reduced compared to Col-0 seedlings after seven 
hours of isoxaben treatment. However, fei2-2 and fei1-1 fei2-1 displayed significantly 
less JA induction after CWI impairment suggesting FEI2 is required for JA induction 
by CWI impairment. The observation of FEI2 functioning differently to FEI1 has been 
observed previously in the deposition of cellulose and pectin in seed coat mucilage 
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(Harpaz-Saad et al., 2011). Similarly to fei1-1, herk1 seedlings also displayed normal 
JA induction after CWI impairment. However, herk2 displayed enhanced JA induction 
upon isoxaben treatment. Therefore, HERK2 appears to repress JA induction upon 
CWI impairment in wild-type seedlings. Furthermore, the1-1 prc1-1 seedlings display 
reduced JA induction after CWI impairment, the opposite phenotypic effect to herk2. 
The current data suggest that HERK2 and THE1, while both being members of the 
CrRLK family, have opposite effects on lignin deposition and JA induction upon 
isoxaben treatment. JA levels in prc1-1 seedlings were similar to wild-type upon CWI 
impairment, therefore the reduced levels of JA observed in the1-1 prc1-1 is caused 
by loss of THE1 and not PRC1. Interestingly in the mock treated prc1-1 seedlings JA 
levels were similar to mock treated wild-type controls, supporting the notion that JA 
induction is a specific short term response to CWI impairment. JA levels were also 
quantified in herk1 the1-4 and are available in appendix I. They were not included 
here as JA levels both in the1-4 and the1-4 herk1 seedlings are exponentially higher 
than those observed above and would have distorted the figure. This demonstrates a 
key role for THE1 in regulating JA induction during CWI impairment as it is 
substantially reduced in the1-1 and substantially elevated in a constitutively active 
allele (the1-4). Furthermore the JA levels in the1-4 herk1 seedlings were enhanced 
compared to either single mutant, demonstrating an additive effect of the mutations. 
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Figure 5-18 SA induction in 6 day old A. thaliana RLK mutant genotypes for putative CWI sensing 
RLKs during CWI impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± the standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to JA, SA levels were also quantified in the mutants listed above 
after 7 hours of isoxaben treatment and the results are summarised in Figure 5-18. 
The results suggested that in fei1-1, fei1-1 fei2-1, herk1 and prc1-1 SA levels were 
not significantly different to those observed in wild-type seedlings upon CWI 
impairment. However, fei2-2 had reduced SA levels compared to wild-type. Levels of 
SA in the1-1 prc1-1 seedlings were reduced when compared to wild-type and the 
individual prc1-1 mutation. In parallel, SA levels were increased in herk2, the1-4 and 
herk1 the1-4 seedlings in response to isoxaben treatment. The enhanced JA levels in 
the1-4 seedlings provide further support that THE1 is required to activate 
phytohormone production upon CWI impairment. The observed enhanced SA levels 
in herk2 seedlings and the additive effect on SA levels in herk1 the1-4 suggests that 
members of the CrRLK family modulate SA levels (independently) of each other. 
However, it remains to be determined why loss of HERK1 only affects SA levels in the 
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herk1 the1-4 background and not in the individual herk1 mutant. In parallel it would 
be important to determine SA levels in herk1 the1-4 seedlings. 
 
Figure 5-19 RGI in 6 day old A. thaliana RLK mutant genotypes for cell elongation during CWI 
impairment 
RGI after Isoxaben with the mutant genotypes fei1-1, fei2-2, fei1-1 fei2-1, herk1, herk2, prc1-
1, the1-1 prc1-1, the1-4 and the1-4 herk1. 0 and 24 hour root lengths shown. N=20 for one 
experiment. 3 biological repeats performed. Values represent average root length, error bars 
represent standard error. * Indicates significance from Col-0 24 hour control as determined by 
Student’s T-test (P≤0.05). 
 
In addition to lignin deposition and phytohormone induction, RGI was also 
determined after 24 hours of CWI impairment. Figure 5-19 summarizes the results of 
this analysis. Root elongation is still inhibited by isoxaben treatment in fei1-1, fei2-2, 
fei1-1 fei2-1, prc1-1, herk1, herk2 and the1-4 seedlings. However, in the1-1 prc1-1 
and herk1 the1-4 seedlings the roots grow implying a loss of RGI upon CWI 
impairment. The observation that the1-1 prc1-1 seedlings display a loss of RGI while 
prc1-1 does not demonstrates that the observed phenotype is caused by loss of 
THE1 activity and not the prc1-1 background. This supports previous work that THE1 
appears to be a general regulator of CWI sensing during different growth stages and 
different organs. In addition, herk1 the1-4 seedlings display a loss of RGI, whereas in 
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the single mutants no significant loss of RGI is detected. This supports previous work 
that demonstrated that single mutants in herk1 or the1-4 displayed no observable 
phenotype on cellular elongation. However, the double mutant herk1 the1-4 
displayed reduced cell elongation, indicating redundancy between these CrRLK 
family members (Guo et al., 2009). However, the work described here clearly 
demonstrates that THE1 is non-redundant when a loss of function allele is used 
(the1-1 prc1-1) compared to a gain of function allele (the1-4). This could be due to 
the use of a non-specific gain of function the1-4 allele, in normal plant life HERK1 and 
THE1 might have little joint regulatory roles. Furthermore the fact that we observe 
changes with an un-specific gain of function allele demonstrates that in normal plant 
development THE1 and HERK1 have little to do with each other. 
To conclude, loss of function alleles for RLKs involved in regulation of 
anisotropic cell expansion (FEI1 and FEI2) and members of the CrRLK subfamily of 
RLKs affect the responses to isoxaben-induced CWI impairment. Perturbation of FEI2 
results in enhanced lignin deposition and reduced JA and SA induction. Loss of 
HERK2 causes reduced lignin deposition and phythormone induction in response to 
CWI impairment while loss of HERK1 seems to only affect lignin deposition. In 
addition, THE1 appears to be a key regulator of different CWI impairment responses 
as different mutant alleles display reduced lignin deposition, phytohormone 
induction and a loss of RGI. 
5.3.4 XII7 and THE1 – Key regulators of CWI signalling 
The data presented here demonstrates that elements of the PAMP innate 
immunity signalling pathway and CrRLK elongation regulation pathway are involved 
in CWI sensing or signalling. The most extreme of these phenotypes were observed 
in loss of function alleles for XII7 and THE1 since mutant seedlings displayed reduced 
lignin deposition, JA induction and RGI in response to CWI impairment. Therefore 
these two mutants were further characterized to determine their specific function in 
regulating the response to isoxaben. Previously, the THE1 loss of function seedlings 
used harboured a prc1-1 mutation, due to the tight linkage of both genes on the 
chromosome a single the1-1 allele had not been obtained (Hématy et al., 2007). 
However, a line containing only the the1-1 allele has been isolated during a 
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collaboration with the Zipfel lab (towards the end of this thesis project) and this 
the1-1 allele was crossed with xii7-1 in order to determine if these genes function in 
the same pathway. 
 
Figure 5-20 Lignin deposition in the elongation zone of the root of 6 day old A. thaliana xii7-1, the1-
1 and xii7-1 the1-1 mutant genotypes during CWI impairment 
Lignin deposition in the1-1, xii7-1 and the1-1 xii7-1 after 12 hours of CWI impairment. 
Representative seedlings shown from 3 biological repeat experiments. N≥60. Scale bar denotes 
100μM.  
 
Lignin deposition was determined in the1-1, xii7-1 and the1-1 xii7-1 seedling 
roots and the results are shown in Figure 5-20. the1-1 seedling roots display the 
same reduced lignin phenotype as the1-1 prc1-1 seedlings. Therefore, all of the 
observations made in the the1-1 prc1-1 allele are due to THE1. The the1-1 xii7-1 
seedlings display an additive reduction in lignin deposition compared to either single 
mutant. Therefore, it appears that with regards to lignin deposition THE1 and XII7 
function in separate pathways that are both required for lignin deposition upon CWI 
impairment.  
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Figure 5-21 JA induction in 6 day old A. thaliana mutant genotypes for xii7-1, the1-1 and xii7-1 the1-
1 during CWI impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In addition to lignin deposition, JA was also quantified in the mutant 
seedlings described. JA levels were reduced in the1-1 and xii7-1 after 7 hours of CWI 
impairment. This suggests that both genes are required for normal JA induction in 
response to CWI impairment. However, JA levels in double mutant the1-1 xii7-1 
seedlings were not significantly different compared to wild-type. Therefore 
demonstrating that a loss of both genes results in normal JA levels. 
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Figure 5-22 SA induction in 6 day old A. thaliana mutant genotypes for xii7-1, the1-1 and xii7-1 
the1-1 during CWI impairment 
SA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the standard deviation. A Student’s T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
In parallel to JA, SA levels were also determined in isoxaben treated seedlings 
and Figure 5-22 presents the results. In the1-1 seedlings SA levels are reduced after 
CWI impairment compared to the wild-type control while xii7-1 seedlings display 
enhanced SA levels. However, as with JA, SA levels in the double mutant the1-1 xii7-
1 are not significantly different compared to wild-type. Therefore, it appears that 
concurrent loss of xii7-1 and the1-1 balances out the levels of SA production after 
CWI impairment. 
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Figure 5-23 RGI in 6 day old A. thaliana mutant genotypes xii7-1, the1-1 and xii7-1 the1-1 during 
CWI impairment. 
RGI after Isoxaben with the mutant genotypes the1-1, xii7-1 and the1-1 xii7-1. 0 and 24 hour average 
root length shown. N=20 for one experiment. 3 biological repeats performed. Values represent 
average root length, error bars represent standard error. * Indicates significance from Col-0 24 hour 
control as determined by Student’s T-test (P≤0.05). 
 
Furthermore, RGI was determined in the different mutants as described 
before with the results being shown in Figure 5-23. Seedling roots for all three 
genotypes (the1-1, xii7-1, the1-1 xii7-1) examined exhibit a similar loss of RGI after 
CWI impairment. Therefore, both genes are required for RGI caused CWI impairment. 
To conclude, THE1 and XII7 are required for lignin deposition and RGI. 
However, the double mutant displays normal levels of phytohormone induction 
compared to either single mutant. This therefore demonstrates that THE1 and XII7 
are both required to modulate the level of phytohorome induction after CWI 
impairment. However, they are not required for the initial induction as in the double 
mutant this still occurs.  
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5.3.5 Localisation of THE1 and XII7 
As THE1 and XII7 appear to be key regulators of CWI signalling, their 
localisation was determined in the elongation zone of the root of A. thaliana using 
tagged versions of the proteins.   
 
Figure 5-24 Localisation of THE1-GFP reporter construct 
THE1-GFP was used to localise THE1 in the elongation zone of the 6 day root in A. thaliana. Propidium 
iodide (PI- 10μg/mL) and FM4-64 (25μM) were used in order to co-localise the protein with the cell 
wall (PI) and plasma membrane (FM4-64). Red scale bar denotes 10μm. 
 
THE1-GFP had previously been described to be expressed in the elongation 
zone of the hypocotyl (Hématy et al., 2007). Since the elongation zone of the root is 
the model system employed here, THE-GFP expression and localisation in the root 
elongation zone was analysed. Results presented in Figure 5-24 suggest that THE1-
GFP localises to the plasma membrane in the elongation zone of the root. In order to 
confirm the plasma membrane localisation, the PM dye FM4-64 was used for co-
localisation studies (Fischer-Parton et al., 2000). Co-localisation of THE1-GFP and 
FM4-64 demonstrated that the protein is localised at the plasma-membrane of the 
cells in the elongation zone. 
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Figure 5-25 Localisation of XII7-GFP at the plasma membrane 
XII7-GFP was used to localise THE1 in the elongation zone of the 6 day root in A. thaliana. Propidium 
iodide (PI - 10μg/mL) and FM4-64 (25μM) were used in order to co-localise the protein with the cell 
wall (PI) and plasma membrane (FM4-64). Red scale bar denotes 10μm. 
In parallel to THE1 localisation, the XII7-GFP construct was used to determine 
XII7 sub-cellular localisation and the results are summarised in Figure 5-25.  Figure 
5-25 shows that XII7-GFP localises to the plasma membrane in the elongation zone 
of the root in A. thaliana, as is confirmed by co-localisation with the plasma 
membrane marker FM4-64.  
To conclude, both THE1 and XII7 are localised at the plasma-membrane of 
the elongation zone of the root in 6 day old A. thaliana seedlings. 
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5.4 Discussion 
5.4.1  The functions of the plant innate immunity pathway 
and the XII1 and XII7 kinase in CWI signalling 
 
The cell wall is a defining characteristic of all plant life and as has been 
demonstrated, regulation of plant cell wall homeostasis is critical to normal plant 
development and response to biotic and abiotic stresses (Nühse, 2012). Here 
elements of the innate immunity-signalling pathway were characterised for 
responses to CWI impairment, in order to determine if common signalling between 
CWI signalling and innate immunity existed. Speculation that both pathways might 
be part of the same signalling network was based on the notion that the initial part 
of the plant that some pathogens interact with, through adhesion and degradation, 
is the plant cell wall. Furthermore, a lot of cell wall defect mutant genotypes display 
phenotypes similar to pathogen infection (Wolf et al., 2013). Therefore a logical 
speculation is that changes in CWI could indicate the presence of pathogen attack. In 
addition, the bi-phasic ROS signal and induction of both defence hormones and 
defence gene expression which occur after CWI impairment are characteristic of the 
defence responses induced by pathogens (Ellis and Turner, 2001; Denness et al., 
2011). Furthermore, observations from soil born fungi demonstrate that they 
colonize the plant root at the root tip (Gunawardena and Hawes, 2002). They seem 
to preferentially infect the plant via the elongation zone which is undergoing cell wall 
remodelling and is therefore weaker in comparison to surrounding tissue layers 
(Gunawardena and Hawes, 2002). Interestingly, mutations in different cell wall 
components increase resistance to some pathogens. The callose synthase mutant 
pmr4 is resistant to E. cichoracearum infection (Nishimura et al., 2003). mur3 is 
deficient in a xyloglucan transglycosylase and displays constitutive activation of SA 
and is resistant to H. parastican infection (Tedman-Jones et al., 2008). Mutations in 
different cellulose synthase genes required for primary cell wall formation such as 
eli1-1 and cev1 show constitutive activation of defence hormones (JA and SA) and 
are also resistant to powdery mildew (Ellis and Turner, 2001; Caño Delgado et al., 
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2003). Perturbations of CESA4, 7 & 8 which are required for production of cellulose 
in secondary cell walls result in resistance to P. cucumerina and constitutive 
activation of ABA signalling, not SA / JA or ethylene as described for primary cell wall 
perturbations (Hernandez-Blanco et al., 2007). Therefore, the available data suggests 
that the plant cell wall and pathogen resistance are intimately linked. 
The data presented in this thesis demonstrates that both BAK1 and BIK1 are 
regulators of CWI signalling during CWI impairment. Both genes show increased 
transcript levels during CWI impairment (as shown by QRT-PCR), phytohormone 
induction was increased compared to wild-type in both of mutants and RGI was lost, 
implicating these innate immunity signalling kinases involvement in CWI signalling. 
Furthermore, as the bak1-5 mutant allele was used in this study, we can rule out 
brassinosteroid signalling is involved and demonstrate that the innate immunity 
signalling role of BAK1 is responsible for the observed perturbations. The 
involvement of BAK1 during CWI signalling is not surprising, since FLS2 and EFR 
perception by BAK1 is required for downstream signalling after peptidoglycan, 
lipopolysaccharides, cold shock protein, oomycyite elicitor INF1 and PEP signalling 
(Chinchilla et al., 2007; Heese et al., 2007; Shan et al., 2008; Postel et al., 2010). 
Therefore, BAK1 can better be thought of as an integrator protein that is required for 
downstream activation and regulation of signals after perception of stress. In 
addition, bak1 seedlings show enhanced H2O2 production after infection by the 
necrotrophic pathogens B. cinerea and A. brassicicola (Kemmerling et al., 2007). 
Therefore, increased activation of defence signals has previously been reported for 
bak1, similar to the enhanced JA and SA production detected upon CWI impairment 
(Figure 5-7 &Figure 5-8). In addition, the loss of RGI during CWI impairment in bak1-5 
could also be due to a loss of downstream signalling as the main signal integrator is 
not activating downstream components that inhibit growth. Interestingly however, 
isoxaben-induced lignin deposition in bak1 was similar to the wild type seedlings 
after CWI impairment (Figure 5-6). Therefore it appears that BAK1 is not a key 
regulator of lignin deposition upon CWI impairment. It is possible that other 
signalling cascades such as stretch activated Ca2+ channels regulate lignin deposition 
in response to CWI impairment. 
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In addition to BAK1, BIK1 seems involved in the perception of CWI 
impairment as bik1 seedlings displayed perturbed lignin deposition, phytohormone 
induction and RGI. While BIK1 seems to be positive regulator for lignin deposition it 
is a negative regulator of phytohormone induction and RGI. Altered SA production 
has previously been described for bik1 plants, supporting the observations made in 
this study (Veronese, 2006). The similarities between bak1 and bik1 phenotypes 
could be due to synergistic phosphorylation between the two mutants during 
perception of stress, however this is speculative and further investigation is required 
(Liu et al., 2013). After FLG22 treatment, FLS2 and BAK1 have been shown to 
phosphorylate BIK1, which leads to trans phosphorylation of both FLS2 and BAK1 by 
BIK1 resulting in a positive feedback loop and activation of downstream defence 
responses (Liu et al., 2013). The observed similarities in CWI impairment phenotypes 
investigated here in bak1 and bik1 imply a loss of downstream signalling. However, 
bik1 seedlings also show reduced lignin deposition during CWI impairment. This 
could be due to reduced growth that has been observed in bik1 plants (Veronese, 
2006). Interestingly these growth phenotypes have also been reported in plants 
mutant for the BIK1 tomato homologue and are independent of the conserved 
phosphorylation site required for BAK1 phosphorylation (AbuQamar et al., 2008). 
BIK1 is involved in plant development and could have a role in cellular elongation 
control, due to the reduced growth phenotypes observed and the location of BIK1 at 
the plasmamembrane. This suggests that BIK1 regulated CWI signalling is active 
during development as well as during CWI impairment. 
To conclude, two key components of the PAMP signalling pathway are 
required for CWI maintenance. These two pathways are required for normal 
phytohormone induction and RGI during CWI impairment. However, what is 
activating these two signals? Are they binding an as-yet unidentified receptor 
involved in CWI impairment and is DAMP / PAMP perception part of a signalling 
network including CWI perception? 
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5.4.2 Subfamily XII LRR-RLKs XII1 and XII7 are involved in 
CWI signalling 
 
As described previously, microarray and QRT-PCR derived expression data for 
EFR, XII1 and XII7, members of subfamily XII of LRR-RLKs, demonstrate that their 
transcript levels are increased in response to CWI impairment. In addition, 
phylogenetic analysis of subfamily XII demonstrates that these two genes are also 
closely related to each other with the closest paralogue to these two LRR-RLKs being 
the FLG22 receptor FLS2. Both XII1 and XII7 are required for normal lignin deposition 
and RGI during CWI impairment. However, the genes appear to differentially 
regulate phytohormone induction since the double mutant’s seedlings display 
intermediate levels of phytohormones between the two single mutants. In addition, 
the double mutant does not display additive effects on lignin deposition in response 
to isoxaben treatment. Therefore, these two receptors seem be involved in CWI 
signalling with XII7 being a key regulator since mutant seedlings exhibit reduced 
lignin deposition, JA induction and RGI. This work was produced as part of a 
collaboration with the Zipfel group in Norwich. They have demonstrated that XII7 is 
required for ROS induction during CWI impairment (Freddy Boutrot, personal 
communication). Therefore what is XII7 doing? How is it functioning? Since no 
mechanistic data is yet available for XII7, it is possible to speculate that this protein is 
an LRR-RLK receptor for a cell wall fragment that is produced during DAMP signalling 
or CWI impairment. The reason for this is that lignin, JA and RGI are reduced in the 
mutant genotype. Additionally, the subfamily it is in contains the two best-
characterised PAMP receptors FLS2 and EFR. However, in order to resolve this 
further work is required. Evidence that XII7 is a receptor needs to be obtained 
through identification of its ligand and demonstrating that the ligand both binds and 
activates downstream responses. However, while XII7 appears to be a receptor or at 
least a key regulator of CWI signalling, it is probably not the only regulator since 
lignin deposition and phytohormone induction still occur, albeit at reduced levels. 
Therefore other signalling pathways must also be involved in the perception and 
response to CWI impairment.  
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5.4.3 Analysis of PEPR-based signalling activity during CWI 
impairment? 
The best characterised DAMP signalling network so far is the PEPR signalling 
pathway. Upon damage or pathogen perception PROPEP peptides are translated and 
subsequently PEP peptides are produced from the precursors. These PEP peptides 
bind to the PEPR1 and PEPR2 receptors. Binding of PEP peptides to PEP receptors 
results in H2O2 induction and activation of defence genes. In addition, PEPR 
receptors have been shown to bind to BAK1 and mediate downstream signalling in a 
manner similar to the PAMP receptors FLS2 and EFR. However, the question remains, 
integral is PEPR signalling to CWI signalling? In addition, can PEPR signalling be really 
considered to be a DAMP signalling cascade as has been widely reported in the 
literature (Liu et al., 2010; Postel et al., 2010; Yamaguchi et al., 2010; Ma et al., 2012)? 
The data presented in this study implies that PEPR signalling does not have a 
significant role in DAMP signalling during CWI impairment. Lignin deposition was 
slightly increased in pepr1, pepr2 and pepr1 pepr2 seedlings while no significant 
changes were observed with respect to JA and SA phytohormone levels or RGI. 
Based on these observations it appears that PEPR-based signalling processes are not 
essentially required for CWI signalling. For the PEP peptides to be released from the 
plasma membrane permeability must be affected as PEP peptides contain no N-
terminal signalling peptides (Huffaker et al., 2006). Here we have demonstrated that 
a loss of membrane permeability does not occur after isoxaben induced CWI 
impairment (Figure 3-6). Therefore, unless PEP peptides are transported out of cells 
via an-as-yet uncharacterised mechanism this could explain the lack of CWI 
impairment phenotypes observed in the mutant lines. Therefore, it is conceivable 
that PEPR signalling is important to CWI signalling at a later point in time (when/if 
rupture of the plasma membrane has occurred) and that phenotypes would be 
accordingly observed at later time points than those used in our work. However, 
even if PEPR signalling would have a greater effect later, this still means that this 
method of signalling is not relevant to early responses to CWI impairment. 
Recently, PEPR based signalling has been shown to regulate plant immunity 
by mediating ethylene signalling and being able to compensate for losses of ethylene 
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signalling during immunity (Tintor et al., 2013). However, while ELF18 activation of 
PR1 (an ethylene inducible gene) was significantly reduced in pepr1 pepr2 seedlings, 
H2O2 spiking, MAPK activation and ethylene production remain intact in the mutant 
background (Tintor et al., 2013). Therefore, during PAMP signalling, as we have 
shown during CWI signalling, PEPR signalling is not critical to a range of responses. 
The link between PEPR signalling and ethylene is also supported by recent evidence 
that PEP treatment and ethylene treatment results in BIK1 and PBL1 phosphorylation 
(Liu et al., 2010). However, the mutant phenotypes observed here for bik1 are more 
drastic than those observed for pepr1-1 pepr2-1. Therefore, in the case of CWI 
signalling, BIK1 must also regulate other factors as well as PEPR signalling. 
Furthermore, after PEP treatment PEPR1 and 2 were shown to directly 
phosphorylate BIK1 and PBL1 in planta. Therefore, PEPR signalling is integral to 
ethylene based immunity pathways during pathogen infection. However, the 
signalling of ethylene has not been extensively characterised during CWI impairment. 
It is known that ethylene biosynthesis is constitutively active in cev1 seedlings (Ellis 
and Turner, 2001). PEPR signalling could regulate ethylene induction during CWI 
impairment, however this remains to be proven. Therefore, the exact role of PEPR 
signalling during CWI impairment seems not critical but further work in the area may 
be warranted and it might simply be a case that the time points we looked at were 
too soon after CWI impairment.  
While I have shown here that PEPR signalling has only minor phenotypic 
effects on lignin deposition after CWI impairment, the question remains, is PEPR 
signalling a type of DAMP signalling as has been stated in the literature (Liu et al., 
2010; Yamaguchi et al., 2010; Ma et al., 2012; Tintor et al., 2013)? Here I suggest that 
PEPR signalling has been wrongly categorized as DAMP signalling. The idea of a 
DAMP is a portion of cell wall fragment which breaks off from the damaged site and 
is perceived by the plant cell, eliciting downstream responses. This allows the plant 
cell to detect changes in its cell wall and respond accordingly in a short space of time. 
However, PEPR signalling does not occur until transcription of PEP peptides has 
occurred and cell rupturing occurs. These can be considered as late stages during 
pathogen perception. Therefore, I propose here that PEPR signalling is not DAMP 
signalling per se but rather a type of plant cytokine (in a similar manner to cytokines 
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observed in immunology), produced and secreted by plant cells after damage has 
occurred to attenuate / induce long term defence responses in neighbouring cells. 
The definition of a cytokine as described in immunology is ‘Any of a number of 
substances, such as interferon, secreted by certain cells of the immune system and 
having an effect on other cells.’ This description fits PEPR signaling much better than 
an endogenous DAMP signal produced during early stages of CWD that alerts the 
plant cell to disruption of its cell wall.  
5.4.4 FEI2 has a role in CWI signalling 
The FEI proteins (FEI1 and FEI2) have been shown to play a key role in 
regulating cell elongation in the root elongation zone and cellulose levels. Here we 
show that fei2 seedlings exhibit reduced phytohormone production upon isoxaben 
treatment. FEI1 and FEI2 mutant seedlings show enhanced lignin deposition and 
anisotropic growth when grown on 4.5% sucrose (Xu et al., 2008). Therefore a link 
between FEI proteins and CWI signalling had been postulated based on assumed 
mis-regulation of cellulose synthesis. In A. thaliana FEI2 and SOS5 (A GPI anchored 
protein) were shown to regulate cellulose biosynthesis during production of the seed 
coat (Harpaz-Saad et al., 2011). The possibility that cellulose has a role in anchoring 
the pectic component of seed coat mucilage has previously been raised (Harpaz-
Saad et al., 2011). As cellulose levels are reduced in the A. thaliana root tips of fei1 
fei2 seedlings, the resulting differences in CWI impairment phenotypes observed 
here could be due to a loss of cellulose anchoring of pectic components of the cell 
wall (Macquet et al., 2007; Harpaz-Saad et al., 2011). Pectin fragment are the ligands 
for WAK kinases (Kohorn, 2012) and changes in pectin methylation status induce loss 
of cell wall homeostasis (Wolf et al., 2012b). These observations could explain the 
perturbation of phytohormone levels detected during CWI impairment in fei2. 
However, further work is needed to clarify the FEI2-based pectin link to CWI 
signalling.  
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5.4.5 Members of the CrRLK family regulate CWI signalling 
differentially 
The CrRLK family contains 17 members and has been implicated for various 
reasons in CWI sensing or signalling as well as cell-cell interactions during pollen tube 
and synergid cell fusing (Miyazaki et al., 2009). Here, it is demonstrated that THE1, 
HERK1 and HERK2 are required for normal induction and regulation of CWI signalling. 
Interestingly however, THE1 is required for positive regulation of CWI signalling and 
HERK2 is required for negative regulation of CWI signalling. The different phenotypes 
observed in herk2 and the1 seedlings imply that they have distinctly different roles in 
regulating cell wall integrity in A. thaliana. 
The function of FER in CWI signalling could not be investigated due to the 
seedling-lethality observed in homozygous lines (Boisson-Dernier et al., 2009). 
Interestingly however, FER has been shown to regulate ROPGEF 1 (Duan et al., 2010). 
ROPGEFs belong to the guanine exchange factor family and activate RHO-like 
GTPases that are monomeric GTP-binding proteins also known as RAC/ROPs in plants 
(Berken et al., 2005; Gu, 2006). RAC/ROPs are involved in a wide variety of signalling 
pathways in plants that regulate development and polar growth (Nibau et al., 2006). 
RAC/ROPs are required for the localisation of RBOHC during root hair development 
that is a prerequisite for polarized root hair growth (Carol et al., 2005). Given that fer 
mutant genotypes contain disturbed root hair polarization and that in fer there are 
reduced levels of activated RAC/ROPs, FER is hypothesized to be an upstream 
regulator of ROPs (Swanson and Gilroy, 2010; Lindner et al., 2012). As ROPs regulate 
the location of NADPH oxidases, FER and CrRLK family members could regulate ROS 
production during CWI impairment. Furthermore, OsRAC1 has been shown to bind 
and activate OsCCR1, an enzyme involved in lignin biosynthesis (Kawasaki et al., 
2006; Venus and Oelmuller, 2012). Constitutively active OsRAC1 cells contained 
enhanced lignin and H2O2 production, through increased activity of NADPH oxidases 
and OsCCR1. Therefore, it is possible that FER could activate RAC/ROP GTPases, 
which could regulate both NADPH oxidase derived ROS production and lignin 
deposition during CWI impairment. Therefore additional CrRLK family members 
could also do this. It is interesting that THE1 has reduced lignin deposition, 
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phytohormone induction, RGI and H2O2 induction (Denness et al., 2011). Further 
work is needed to demonstrate this is how CrRLK family members act as CWI signal 
regulators but it appears that they could act through RAC/ROP GTPases. 
Microarray-based expression analysis of the response to isoxaben did not 
detect dramatic changes in transcript levels for any of the CrRLKs (data not shown). 
However, they were investigated as possible regulators of CWI signalling due to 
them being extensively discussed in the literature as possible components of the 
CWI maintenance mechanism. A reason why these genes were not substantially up 
regulated after CWI impairment could be due to their regulation being mainly post-
transcriptional. FER can phosphorylate other proteins and also auto-phosphorylate in 
vitro, the biological relevance of this is however unknown (Escobar-Restrepo et al., 
2007; Xiang et al., 2008). Furthermore phosphoproteomic analysis of pollen 
suspension cultured cells identified a phosphopeptide with a phosphorylated serine 
that matches THE1, HERK1, FER and 8 other members of the CrRLK family (Nühse, 
2004; Mayank et al., 2012). While the biological relevance of this conserved 
phosphopeptide is un-clear, given its conservation and identification in both 
suspensions cultured cells and pollen tubes it could be a key regulatory element of 
members of the CrRLK family. Determination of the phosphorylation state of this 
peptide in cells undergoing CWI impairment would be extremely interesting. The 
only interactions described with members of the CrRLK family is with ROP1 and 
AvrPto (Xiang et al., 2008). However, it would be interesting to determine if FER 
regulated ROP1 activity via phosphorylation. 
Therefore, it is clear that members of the CrRLK family have roles in 
regulating CWI impairment. However, further work is needed in order to determine 
the specific functions of different family members and how they function during CWI 
sensing and signalling. 
5.4.6 THE1 and XII7 – Key regulators of CWI impairment 
The two most important regulators of CWI impairment characterized here 
were THE1 and XII7. Mutant seedlings exhibited perturbed lignin deposition, JA & SA 
induction and RGI after CWI impairment. However, when double mutant seedlings 
for these two lines were characterised they showed additive phenotypes for lignin, 
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reduced RGI, additive phenotypes for SA but increased JA levels when compared to 
either single mutant genotype. This additive phenotype observed for lignin 
deposition and JA induction implies that each of these RLKs functions in a different 
signalling cascade. It is possible that THE1 regulates cell expansion and CWI sensing 
and signalling from a developmental perspective, required for induction of lignin 
deposition and phytohormone levels. In contrast, XII7 could normally function in a 
defence context, required for the induction of lignin deposition and JA induction. By 
inhibiting cellulose biosynthesis using isoxaben, CWI is impaired in such a way that it 
activates both pathways because it mimics defects normally observed during either 
cell elongation or pathogen attack. So the cell cannot differentiate between 
developmental derived cell wall damage and a stress derived one. Previously it has 
been shown that cross-talk between developmental and stress signalling cascades 
occurs (Fujita et al., 2006). It is conceivable that THE1 and XII7 are components of 
these different signalling pathways that would explain the additive and differential 
phenotypes observed. However, in order to confirm this hypothesis and resolve the 
mode of action, more work is required.  
5.4.7 Plasma membrane localisation, coincidence, location 
based signalling or protein complex formations? 
Protein complex formation at the plasma-membrane occurs during FLG22 
perception between FLS2 and BAK1 (Chinchilla et al., 2007), ELF18 perception 
between EFR and BAK1 (Zipfel et al., 2006) and PEPR perception between PEPR and 
both BAK1 and BIK1 (Postel et al., 2010). The common theme between all of the 
genes investigated, described here and genes mentioned in the literature is that they 
are all localised at the plasma membrane. This is due to function, as BAK1 interacts 
with FLS2 and FLS2 is located at the plasma membrane (as is the case with EFR and 
the PEPR family). In addition, mechano-sensitive channels monitor membrane 
stretching and are placed at the membrane.  In addition, the NADPH oxidases 
RBOHD and F as well as WAKs are located (and activated) at the membrane. The 
localisation of all of these components at the plasmamembrane and the knowledge 
that BAK1 forms complexes with multiple members of the signalling pathways 
described opens up the possibility that CWI and PAMP signalling complexes might 
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form at the plasma membrane (Chinchilla et al., 2009). The components of these 
complexes could be BAK1, BIK1, PEPR1 and PEPR2, XII7 and members of the CrRLK 
family. Upon perception of a subset of ligands, depending on the stresses observed 
this could result in differential regulation and activation of downstream responses.  
This concept is further supported by the observation that PEPR1 interacts with BAK1 
upon PEP perception, inducing H2O2 production, downstream MAPK activation and 
transcription of defence genes (Postel et al., 2010). Furthermore, PEPR1 has also 
been shown to bind and phosphorylate BIK1, in turn trans-phosphorylating each 
other and propagating ethylene signalling (Liu et al., 2010). Therefore, the 
interaction of activated PEPR1 with BAK1 and BIK1 orchestrates a more complex 
response activating numerous signalling pathways. Furthermore, the binding of 
PEPR1 to BIK1 is independent of its kinase domain, with the kinase domain only 
being required for activation of downstream signalling (Liu et al., 2010). Therefore, it 
is plausible that defence / CWI sensing complexes are formed at the plasma 
membrane and depending on the type, frequency and number of different signals 
can differentially regulate downstream responses, fine-tuning the defence / 
resistance of the plant to Pathogens / CWI impairment. The idea of emerging 
properties of each of the different signals means that when taken together and 
regulating each other as described here, a fine-tuned highly complex response can 
be orchestrated to combat losses in CWI. While speculative for now, this model fits 
all of the available data and can explain how plants differentially respond to a wide 
range of stresses with highly refined mechanisms. 
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5.4.8 Conclusions: 
 BAK1 and BIK1, elements of the well characterised plant innate 
immunity signalling pathway are required for regulating downstream 
responses to CWI impairment 
 The subfamily XII RLKs XII1 and XII7 are required to mediate the CWI 
impairment response. XII7 is a key regulator of CWI signalling being 
required for isoxaben induced lignin deposition, phytohormone 
production and RGI.  
 PEPR ‘DAMP’ signalling is only involved in the regulation of lignin 
deposition during CWI impairment. Therefore, PEPR-based signalling 
seem to have a secondary role during the 12 hour period after start of 
CWI impairment. 
 Members of the CrRLK family, THE1 and HERK2, regulate CWI 
signalling as well as regulation of cell elongation. THE1 and HERK1 
appear to have opposing roles in regulating CWI signalling as positive 
and negative regulators. 
 The RLKs THE1 and XII7 are regulators for CWI signalling, both being 
required for proper induction of CWI impairment responses. However, 
the additive phenotypes observed in double mutant seedlings suggest 
that the RLKs are active in different pathways and although required 
for normal responses to CWI impairment, neither are sole regulators 
of CWI impairment. 
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Chapter 6 General Discussion 
Plant must perceive and adapt to a variety of biotic and abiotic stresses in 
order to survive. The sessile nature of their existence requires that they have 
mechanisms in place to quickly perceive and adapt to these changes in order to 
ensure continued viability and generation of offspring. The cell wall requires not only 
highly orchestrated deposition of components in order to perform the functions 
required during plant cell morphogenesis but also undergoes controlled degradation 
and morphological changes in order to define the final shape of every cell in the 
plant. The cell wall barrier is the first point of contact between the plant, 
environment and pathogens. Therefore, any pathogen infection must overcome this 
barrier. In order for plants to perceive and adapt to pathogen infection and prevent 
loss of cell wall integrity during development, mechanisms must exist which monitor 
the state of the cell wall and initiate responses to losses of integrity.  
Here I demonstrate that CWI impairment, whether achieved using inhibitors 
of cellulose synthesis or cell wall degrading enzymes, results in the induction of a 
common set of downstream responses (lignin deposition, JA and SA induction). 
Previously it has been shown that H2O2 induction (Denness et al., 2011), ethylene 
induction (Ellis and Turner, 2001) and activation of defence gene transcription 
(Hamann et al., 2009) occurs after CWI impairment. Therefore, a CWI sensing and 
signalling mechanism seems to exist within the plant and mediate the induction of 
compensatory responses (Hamann and Denness, 2011; Hamann, 2012; Nühse, 2012). 
This CWI signalling mechanism is present in different cell types throughout the 
seedling as demonstrated by the common responses observed in difference tissue 
types during isoxaben, DCB, cellulose and Driselase treatment. 
Turgor pressure appears to be important for phytohormone induction during 
CWI impairment. Dual treatment with 5% PEG and isoxaben reduced phytohormone 
induction and permitted root growth. Therefore, turgor pressure levels seem 
important for CWI signalling. Yeast cells detect turgor pressure through the kinase 
SLN1 (Levin, 2011). Recent evidence implies that plants detect and regulate changes 
to turgor pressure via the cytokinin receptor CRE1 and mechano-sensitive channel 
 217 
MCA1 which activates RBOHD/F and regulates metabolism (Reiser, 2003; Wormit et 
al., 2012) . It will be important to further explore the role of turgor pressure in CWI 
maintenance and determine if a sensor homologous to SLN1 in yeast exists. An 
elegant way to identify additional osmo-sensors could be to perform a mutant 
screen germinating EMS mutagenized seeds in permissive osmotic conditions. Any 
seeds that germinate and develop would be perturbed in osmo-perception. The 
identification of an osmo-sensor has important implications in plant development 
and reactions to biotic and abiotic stress. On a cautionary note, treatment with 
mannitol and sorbitol at concentrations widely used in the literature results in 
extreme osmotic pressure (table 1, page 68) and pleiotropic effects (Hohl and 
Schopfer, 1991; Wormit et al., 2012). Future work should be cautious in choosing 
which osmolytes and at which concentrations to work with. 
Downstream CWI impairment signalling involves ROS, Ca2+, JA, SA and NO. 
ROS signals are induced by CWI impairment in a bi-phasic manner which has been 
previously described for plant-pathogen interactions (Zipfel and Robatzek, 2010). JA 
and SA are both induced after 3 and 5 hours respectively by an initial DPI-sensitive 
signal and inhibit lignin deposition and late stage ROS production (Denness et al., 
2011). JA is required for SA induction as has been previously described (Truman et 
al., 2007; Truman et al., 2010). ROS positively regulates lignin deposition while JA/SA 
negatively regulate it. NO signalling is also required for positive regulation of lignin 
deposition and JA induction. However, as-of-yet no NO production has been 
detected after CWI impairment. It has only be inferred from mutant genotypes and 
pharmacological manipulation. The spatial and temporal characteristics of NO 
signalling during CWI is an area in which research should be focussed on in the 
future. In order to develop this work further, real-time imaging of all of these signals 
is required with subcellular resolution during time-course experiments with isoxaben 
treated seedlings. This was achieved in this study for H2O2, which detected H2O2 
production at the plasma membrane of cells in the elongation zone. However, 
increases in JA, SA, NO & Ca2+ still need to be visualised as well. NO imaging can be 
performed with the fluorescent dye DAF-FM-DA (Wang et al., 2010). However, 
methods for imaging JA and SA signalling are not yet available. It is conceivable that 
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a JA reporter based on the degradation of transcriptional factors could be produced, 
as has produced for auxin (Brunoud et al., 2013). 
In order to investigate CWI signalling at the single cell level a method needs 
to be developed in which CWI impairment can be caused and removed in a limited 
number of cells or tissue type and subsequent recovery monitered. This could 
provide a much more physiological relevant model system in which to study CWI 
sensing and signalling. Examples of this kind of model system are the elongation 
zone of the root, without isoxaben application (Dolan et al., 1993). This area is 
undergoing natural CWI impairment and remodelling. During inter-digitation of 
pavement cells (Dhonukshe et al., 2007) controlled cell wall relaxation also occurs 
during formation of lobes. Finally, application of cell wall degrading enzymes 
embedded on beads could be applied to a specific set of cells and later removed 
similar to experiments with shoot meristem and auxin or analogues in lanolin beads 
(Reinhardt et al., 2000). Although this method of CWI impairment is not reversible, it 
would allow localised observations of CWI impairment and would allow observations 
of surrounding tissue to be performed. These model systems and subcellular 
visualisation of different signals would allow the specific signalling events and cross-
talk to be characterised while CWI impairment occurs and more importantly while 
the cells recover from CWI impairment. In addition, the roles of ethylene and ACC in 
the response to CWI impairment have not been elucidated. ACC has been shown to 
induce apoplastic ROS (De Cnodder et al., 2007) and inhibit root elongation (Tsang et 
al., 2011) highlighting the involvement of this ethylene precursor during CWI 
impairment. Understanding the functions of these signalling molecules requires 
further experiments and their involvement would obviously add further complexity 
to the signalling network that seems to regulate CWI signalling. 
I have demonstrated here that RLKs previously implicated in developmental 
regulation of cellular elongation and pathogen perception are also involved in CWI 
maintenance. The involvement of BAK1 and BIK1 in the regulation of CWI signalling 
highlights the links between CWI signalling, DAMP and PAMP signalling (Postel et al., 
2010). The identification of XII7 as a close relative to FLS2 implies that this gene is 
not only a key regulator of CWI signalling, but could also function as a DAMP 
receptor raising the question to what extent cell wall damage and DAMP overlap 
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mechanistically. However, in order to resolve this question, the ligand needs to be 
identified and direct binding / downstream signalling through BAK1 also needs to be 
characterised. 
Several members of the CrRLK family have been implicated as CWI signalling 
regulators (Lindner et al., 2012). Here it has been demonstrated that THE1 and 
HERK2 are required for regulation of CWI impairment responses. However, they do 
not have identical roles in regulating the downstream phenotypes investigated after 
CWI impairment (Figure 6-1). Other family members have been shown to have key 
roles in cell-cell communication and elongation (Lindner et al., 2012). FER, a member 
of the CrRLK family has been shown to regulate activity of ROPGTPases, therefore 
hypothetically linking CWI signalling to H2O2 induction, although further work is 
required to conclusively demonstrate this link. It is tempting to speculate that CrRLK 
family members perceive CWI impairment, recruit ROPGTPases that subsequently 
recruit RBOHD/F and lignin biosynthesis machinery to the site of CWI impairment 
resulting in fortification of the cell wall. Further work is also needed in order to 
demonstrate how many members of the family are involved in CWI signalling and 
what the degree of redundancy is (Lindner et al., 2012). Here we demonstrate 
(Figure 6-1) that different loss of function alleles of members of the CrRLK family 
affect lignin deposition, JA/SA induction and RGI during CWI impairment in different 
ways. In addition, it remains to be determined how these kinases are activated and 
how they regulate downstream responses such as phytohormone induction? All 
family members contain extra-cellular malectin binding domains, which have been 
linked to carbohydrate binding (Schallus et al., 2008). Therefore, the question arises 
which component of the cell wall or what other ligand might bind to these receptors? 
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Genotype Lignin JA SA RGI 
  the1-1 
      the1-1 prc1-1 
      nia1 
      nia1 nia2 
     
No difference to Control 
xii7-1 
      nia2 
      mca1 
      
the1-1 xii7-1 
     
Reduced compared to 
control 
oxi1-1 
      bik1 pbl1 
      fei1-1 
      
rbohd/f 
     
Enhanced compared to 
control 
bkk1-1 
      xii1-3 
      xii1-3 xii7-1 
      bak1-5 xii7-1 
      bik1 
      fei2-2 
      mca2  
      bak1-5 bkk1-1 
      bak1-5 
      aos 
      fei1-1 fei2-1 
      pepr1 
      pepr2 
      pepr1 pepr2 
      herk1 
      mca1 mca2 
      sid2-2 
      prc1-1 
      the1-4 herk1 
      jar1-1 
      herk2 
      the1-4 
      Figure 6-1 Summary of lignin deposition, JA & SA induction and RGI differences between mutant genotypes 
and Col-0 during CWI impairment.  
Compilation of lignin deposition, phytohormone induction and Root Growth Inhibition (RGI) after isoxaben 
treatment in all mutant genotypes investigated in this study. Red boxes denote reduction compared to Col-0 
level, Yellow boxes denote no change compared to Col-0 and Green boxes denote enhancement compared 
Col-0. Data compiled in Microsoft Excel  
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The available evidence summarised in table 2 suggests that two of the RLKs 
investigated here (THE1 and XII7) are key regulators of CWI signalling. A key 
regulator is defined here as a gene in which the mutant genotype shows effects on 
all downstream CWI impairment assays performed here. However, it is important to 
note that these genes are not the only up-stream components of CWI signalling. If 
they were the sole inducers of CWI signalling then the xii7-1 the1-1 double mutant 
seedlings would have shown a complete loss of response, which it does not. Since 
CWI sensing and signalling is of vital importance to the plant cell, the mechanisms 
perceiving CWI impairment and regulating the responses are probably highly 
redundant. DAMPs (Liu et al., 2013), WAKs (Kohorn, 2012), stretch activated Ca2+ 
channels (Haswell et al., 2008; Yamanaka et al., 2010), Osmo-sensors (Reiser, 2003; 
Hamann, 2012; Wormit et al., 2012) – input from all of these sensors can activate 
downstream responses. The layers of sensing and signalling are like the layers of an 
onion and this explains why no one mutant or pathway can be identified as a master 
regulator of CWI signalling. In addition these different sensors perceive different 
stimuli providing the plant cell with detailed information regarding events at the cell 
wall. Figure 6-1 demonstrates this by providing a global overview of the phenotypes 
observed for lignin deposition, JA/SA induction and RGI from all of the mutants 
investigated in this project. The table demonstrates that all mutants investigated 
were perturbed in one or more downstream readouts for CWI impairment and that 
certain mutants can be grouped together based on similarity of phenotypes 
observed. This highlights the extreme complexity in the regulation of CWI 
impairment and gives an idea of the vast number of genes that are probably involved 
in CWI maintenance. Furthermore, the work here is the first large-scale study of 
genes involved in CWI impairment. While single genes or small families have been 
investigated individually the strength of the experimental approach used in this 
study is the standardised phenotypes observed for mutant genotypes in a wide 
number of families.  
CWI signalling has a logical role in perception of pathogens and subsequent 
cell wall fortification. However, the cell wall is increasingly being focused on as 
having a key role during patterning processes governing plant development. The 
auxin transport protein PIN1 is anchored to the cell wall (Feraru et al., 2011). In 
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addition the extracellular auxin receptor ABP1 perceives auxin levels and activates 
ROP2, regulating lobe formation during interdigitation of pavement cells (Xu et al., 
2010; Hongjiang et al., 2012; Xu et al., 2012). Furthermore the ABP1 auxin receptor 
has been implicated in monitoring extracellular auxin gradients and mechanical 
stress of the cell wall (Hongjiang et al., 2012). It has recently been shown that 
microtubules reorient upon exposure to mechanical stress and that this 
reorientation is highly correlated with PIN1 polarity (Hamant et al., 2008; Heisler et 
al., 2010; Hongjiang et al., 2012). Therefore, the cell wall could play a key role in 
auxin signalling. In addition, evidence indicates that changes in pectin status play key 
roles in inducing organ formation in the shoot apical meristem (Peaucelle et al., 
2011; Braybrook et al., 2012; Peaucelle et al., 2012). Pectin and brassinosteroids 
have been shown to regulate cell wall homeostasis (Wolf et al., 2012b). It is highly 
probable that as well as signalling during pathogen perception and cell wall strain, 
the plant cell wall has key regulatory roles during diverse stages of development. The 
CWI sensing and signalling pathway described here could feed into these 
developmental roles by providing information on the strain the cell wall is exposed 
to. 
In conclusion, the phenotypes observed during this study for the mutant 
genotypes during CWI impairment and the convergence of the different signals 
demonstrates that a highly complex signalling network exists, as has been previously 
proposed in the literature and was the basis of this project. This signalling network is 
similar to that identified for pathogen perception, given the design and functional 
similarities between the downstream signals and signalling elements (such as BAK1). 
However, it encompasses a wide range of RLKs involved in developmental regulation 
and stress responses. Therefore I propose that CWI sensing and signalling is an over-
looked key signalling network in plants. It has been overlooked because it could not 
be separated previously from other signalling events. It probably underlies pathogen 
perception, mechanical transduction, CWI and potentially developmental regulation. 
While the signalling molecules demonstrated here control individual elements of 
CWI signalling, their cross-talk combined with their regulation by the sensor 
candidates described allows a highly orchestrated response to be produced by the 
plant. This complexity results in a response that allows tightly controlled lignin 
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deposition in elongating tissue (as during isoxaben treatment) or refortification of 
the cell wall and activation of cell death responses during pathogen attack in a 
subset of cells and could feed into developmental regulation. While the work here 
implies such a highly complex signalling network exists, future work will focus on 
mechanistic characterisations of individual network elements and determine 
downstream effects. 
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Chapter 7 Appendix 1 
List of A. thaliana mutant genotypes and reporter lines used 
Name Type Obtained from 
35sTHE1-GFP THE1-GFP fusion Herman Hofte 
35sXII7-GFP XII7-GFP fusion Cyril Zipfel 
aos mutant genotype NASC - N6149 
bak1-5 mutant genotype Cyril Zipfel 
bak1-5 bkk1-1 mutant genotype Cyril Zipfel 
bak1-5 xii7-1 mutant genotype Cyril Zipfel 
bik1  mutant genotype Cyril Zipfel 
bkk1-1 mutant genotype Cyril Zipfel 
c-HyPer H2O2 reporter Alex Costa, Evrogen 
fei1-1 mutant genotype Joseph Kieber 
fei1-1 fei2-1 mutant genotype Joseph Kieber 
fei2-2 mutant genotype Joseph Kieber 
herk1 mutant genotype Cyril Zipfel 
herk1 mutant genotype NASC - N667482 
herk1 the1-4 mutant genotype Cyril Zipfel 
herk1 the1-4 mutant genotype Y. Yin 
herk2 mutant genotype Cyril Zipfel 
herk2 mutant genotype NASC - N663563 
jar1-1 mutant genotype NASC - N8072 
nia1 mutant genotype Nigel Crawford 
nia1-2 nia2-5 mutant genotype NASC N-6512 
nia2 mutant genotype Nigel Crawford 
oxi1 mutant genotype Mark Knight 
OXI1::GUS reporter line Marc Knight 
pbl1 mutant genotype Cyril Zipfel 
PDF1.2::GUS reporter line NASC - N6506 
prc1-1 mutant genotype Chris Somerville 
rbohd/f mutant genotype Johnathan Jones 
sid2-2 mutant genotype NASC - N16438 
the1-1 mutant genotype Cyril Zipfel 
the1-1 prc1-1 mutant genotype Herman Hofte 
the1-4 mutant genotype Cyril Zipfel 
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the1-4 mutant genotype Y. Yin 
WAVE131-YFP Plasma membrane marker Niko Geldner 
xii1-3 mutant genotype Cyril Zipfel 
xii1-3 xii7-1 mutant genotype Cyril Zipfel 
xii7-1 mutant genotype Cyril Zipfel 
 
List of primers used for QRT-PCR 
 
Primer Sequence 
BAK1 qRT FRD GACAACCGCAGTGCGTGGGA 
BAK1-qRT REV TCGCGAGGCGAGCAAGATCA 
BIK1-qRT FRD TGGGCTCGACCGTACCTCACA 
BIK1-qRT REV CGGGCGCGACTTGGGTTCAA 
NIA1 qRT FRD gctcaagttctgtgctattgga 
NIA1 qRT REV ACAAAAGTGCCCAAATAACCATG 
NIA2 qRT FRD CGAGGCGATTATGCGAGAAC 
NIA2 qRT REV GGCTGAACCGCAAACTGAAT 
OXI1 qRT FRD GCTGCAAGACAAGAACGTGAG 
OXI1 qRT REV CCCTTAACCCATTCCCCACT 
pepr1 qRT FRD GAGCAGAAGGAGGAAACTAAAG 
pepr1 qRT REV GATTTTATTTCACAAACAAACACGG 
SID2-qRT-FRD TTGATTTACAGGGTCTTGGGGC 
SID2-qRT-REV ATTCCACTCTGAAGATGGGTCAC 
XII1-qRT FRD TTCCCCAGGAGCTAGGCAACA 
XII1-qRT REV TGCTACTCCTGGCGGGATCG 
XII7-qRT FRD GGTGTTGCCTGCTCACTCGGG 
XII7-qRT REV TCGAGTTTCGAGAACCGTCCCCA 
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Linear regression of serially diluted isoxaben controls. 
 
 
Linear regression of LC-MS/MS isoxaben standards used for calculation of isoxaben 
quantification in tissue 
Error bars denote standard deviation. 
 
RGI for mock treated seedlings supplemented with Osmotic Support 
 
RGI in Mock treated seedlings supplemented with Osmotic support. 
RGI after mock treatments supplemented with PEG (2.5, 5 & 10%), Sorbitol (300mM & 450mM) and 
Mannitol (300mM & 450mM). 0 and 24 hour RGI shown. N=20 for one experiment. 3 biological 
repeats performed. Values represent average root length, error bars represent standard error. * 
Indicates significance from Col-0 24 hour control as determined by students T-test (P≤0.05). 
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JA phytohormone quantification for Col-0 and jar1-1. 
 
JA induction in jar1-1 during CWI impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the Standard deviation. A students T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
SA phytohormone quantification for Col-0 and jar1-1. 
 
SA induction in jar1-1 during CWI impairment 
SA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the Standard deviation. A students T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
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RGI for mock treated Col-0 aos,  jar1-1, oxi1-1 and rbohd/f seedlings  
 
RGI in Mock treated seedlings for aos, jar1-1, oxi1-1 and rbohD/F mutant genotypes. 
RGI after mock treatments for aos, jar1-1, oxi1-1 and rbohD/F mutant genotypes.. 0 and 24 hour RGI 
shown. N=20 for one experiment. 3 biological repeats performed. Values represent average root 
length, error bars represent standard error. * Indicates significance from Col-0 24 hour control as 
determined by students T-test (P≤0.05). 
 
NBT staining of superoxide production in seedlings after CWI impairment and DPI 
treatment 
 
 
NBT staining superoxide production in the root of A. thaliana 6 day old seedlings  
Seedlings treated with 600nM isoxaben, mock, 10μM DPI or dual isoxaben and 10μM DPI for 30 
minutes. N≥40, representative images shown.  
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RGI for mock treated Col-0, bak1-5, bkk1-1, bak1-5 bkk1-1, xii1-3, xii7-1, xii1-3 xii7-
1 bak1-5 xii7-1 bik1 and bik1 pbl1 seedlings 
 
RGI in Mock treated seedlings for Col-0, bak1-5, bkk1-1, bak1-5 bkk1-1, xii1-3, xii7-1, xii1-3 xii7-1, 
bak1-5 xii7-1, bik1 and bik1 pbl1 mutant genotypes. 
RGI after mock treatments for 0 and 24 hours. N=20 for one experiment. 3 biological repeats 
performed. Values represent average root length, error bars represent standard error. * Indicates 
significance from Col-0 24 hour control as determined by students T-test (P≤0.05). 
 
 
JA induction in Col-0 and herk1 the1-4 seedlings after undergoing 7 hours of CWI 
impairment. 
 
JA induction in herk1 the1-4 during CWI impairment 
JA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the Standard deviation. A students T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
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SA induction in Col-0 and herk1 the1-4 seedlings after undergoing 7 hours of CWI 
impairment. 
 
SA induction in herk1 the1-4 during CWI impairment 
SA induction after 7 hours of treatment with the described conditions. Values are means of four 
technical repeats and ± is the Standard deviation. A students T-test was performed indicating 
significance between the desired treatment and mock (no treatment control (P≤0.05). 
 
RGI for mock treated Col-0, fei1-1, fei2-2, fei1-1 fei2-1, herk1, herk2, prc1-1, the1-1 
prc1-1, the1-4 and herk1 the1-4 seedlings 
 
RGI in Mock treated seedlings for Col-0, fei1-1, fei2-2, fei1-1 fei2-1, the1-1 prc1-1, prc1-1, herk1, 
herk2, the1-4 and the1-4 herk1 mutant genotypes. 
RGI after mock treatments for 0 and 24 hours. N=20 for one experiment. 3 biological repeats 
performed. Values represent average root length, error bars represent standard error. * Indicates 
significance from Col-0 24 hour control as determined by students T-test (P≤0.05). 
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